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FOREWORD

The Space Maintenance and Extravehicular Activities Conference
serves as a forum in which leading authorities in this area of
technology advance new ideas and techniques for critical discus-
sion, The objectives of the conference are (1) to present current
research and development contributions in the fields of Space
Maintenance and Extravehicular Activities and (2), through the
exchange and evaluation of the most advanced concepts, to
stimulate further advances of this technology. By publishing

the transactions of this conference, the Air Force Aero Propulsion
Laboratory hopes to further promote these objectives.

The papers were submitted in reproducible form and were printed
as submitted. This accounts for certain variations in treatment

and style. /V / %L L

HERBERT A

Colonel, USA
Director,

Air Force Aero
Propulsion Laboratory
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ABSTRACT

This report contains a presentation of technical contributions
summarizing the status of current and significant research in

the fields of Space Maintenance and Extravehicular Activities.
The report is based upon the discussions at the Second National
Conference on Space Maintenance and Extravehicular Activities
held August 6-8, 1968 at the Stardust Hotel, Las Vegas,
Nevada. The conference transactions have been arranged in
the order of presentation during the seven sessions of the

conference.
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SPACE BEYOND THE THRESHOLD

Lt. Gen. J. R. Holzapple
USAF
Chief DCS R&D

Pentagon

It is, indeed, a great pleasure to keynote the Second National Conference
on Space Maintenance and Extravehicular Activities. This conference can serve
the continuai needs for fresh perspectives and for cross-stimulation so basic to
scientific and technical progress. And there can be no question that the conference
co-sponsors - the National Aeronautics and Space Administration and the Air Force
Aero Propulsion Laboratory - have developed a program that will well serve those
needs. These are bound to be stimulating and productive sessions.

I think all of us tend to get wrapped up in the hurly-burly of everyday
problems. So, from time to time, we simply reach the poirt where we need briefly
to stand aside and take a fresh look, and do some fresh thinking. Could there
possibly be a better place for uninterrupted and undistracted thought than here in
the middle of the desert - with a!l of these privations?

| suppose that, over the next several days, someone will inevitably observe
that mankind is really only at the threshold of space. As the keynote speaker,
| might be tempted to be the first to make this observation. The trouble is, I'm
not at ai! sure it's true.

I'm not sure it's true because I'm not e what it means. [If what we really
have in mind is the state of our space technologies, then | think that we are already
well beyond the threshold. But if we have in mind attitudes toward space, than
I think it is entirely possible that we are just barely approaching the threshold.

On the surface, this may appear to be an abstract distinction. And yet it
bears vitally on a concern we must all share this morning. Our concern ccanot
simply be with current technical problems or even with present funding problems.
Our inevitable concern must always be with the direction of the national space
program over the longer view. And | frankly think we cannot long proceed intelli-
genily in space if attitudes lag technologies. So now is the time to take a hard
look at some key attitudes toward space.

Thus far, the national space program has been propelled largely by the
momentum of that mass of technology set in motion by the urgent needs for the

- xvii -
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ballistic missile, and has been speeded by such stimuli as Sputnik. These have
been the exciting early years, rich in the drama of suspense and adventure.
These have been the threshold years of space technology - the glamor years of
public enthusiasm and pubiic funding.

In the short span of ten years, this momentum has carried us from those
first tentative unmanned space launches to the point where we are alreudy deeply

concerned about the direction of our space program beyond the first manned lunar
landing.

This is how far the initial momentum has corried us. And, of course,
we've learned much. But this kind of momentum could not forever continue. We
have now well passed that phase in the space program - common to any who.ly new
scientific endeavor - where technical possibility is its own best justification.

It is, of course, still true for space, as for most areas of technical challenge,
that many of the more exciting technical possibilities for the future will stem from
insights and discoveries we cannot now even imagine.

But it is true, also, that the scientific search for new possibilities can only
be sustained for a limited time if there is not at least an equally determined search
for beneficial applications. And the search for applications demands that you
lead your technologies, as opposed simply to foilowing them.

The idea of funneling scientific and technical effort into specific applications
is not always greeted with marked enthusiasm. In fact, the idea runs counter to a
strongly held attitude, especially where space is concerned. This is the feeling
that you run the risk of missing unsuspected possibilities if you concentrate heavily
on those technologies that already have well defined applications.

Thus, there is a tendency to overlook the fact that the process of !eading
technologies toward specific applications may, itse!f, have the effect of opening
up new possibilities. That is, strong direction need not necessarily inhibit scientific
and technical innovation. And, of course, this attitude also tends to forget the
fact that our scientific and technical programs in space are not being conducted for
their own sake. The ultimate function is to solve problems, or to meet urgent needs,
or o open new vistas for human benefit. This is precisely the function of such
programs as Apollo Applications and the Manned Orbiting Laboratory, With these
programs we are moving somewhat away from basic experimentation and more in
the directicn of uses and applications in space.

And we can all welcome this as a very healthy trend, it is entirely probable
that some of the funding problems for some of our space programs will be hridged
when the applications are more fully recognized and understood. Very much
contrary to another popular attitude - that Vietnam is the source of most of our
funding problems - | think the more significant source is the need for a better
understanding of possible applications in space, and their true benefits.

= xviii =
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| might add, parenthetically, that almost everyone in government who is
confronted with funding nroblems - and there are few whe aren't is likely to
point to Vietnam as the source of his difficulty. Well, there is no denying that
Vietnam is having some impact. But | suspect that anyone who is expecting a
sudden flow of funds into his particular program the moment the war ends, is
liable to be disappointed. In any event, this is almost certain to be true where
sxce is concerned.

Where funding is involved, there can be no doubt thut the space program
is well beyond the threshold. It's not really that the sense of urgency has gone
out of the space program, or even that it has lost much of its romance. The
problem - if it can properly by called a problem - is that our nation is tackling
a wide range of urgent and demanding challenges. What has happened is that
the space program has simply reached a new maturity and is finding its proper
place in the perspective of all of our national challenges. And this should not
be alarming. The fact that the space program will have to compete even more
vigorously with other demands on our national resources may, in the long view,
greatly benefit it. This kind of discipline forces even more advanced and
creative thinking.

I relation to the somewhat more competitive environment in which the
space progran will likely function for funding, there seems to be some renewed
concern that the economic factor will place too many space programs at an
unfair disadvantage. The feeling may be that innovations in space are anyone's
guess and that if they can't be predicted, then neither can their costs. Costs,
of course, have to be based on the proven or tested. There is nc way o predict
costs on the more "high risk" technology programs where technical problems
and system capabilities may be largely unknown. So the effect could be to
reduce or eliminate risk taking and this may, in tum, close the door on truly
dramatic but unrecognized possibilities.

There is no denying that this is a problem.

But | think the problem is easily exaggerated. Moreover, experience has
shown that the place to explore risks is at the basic technology level. You surface
your promising possibilities here, and this is where you invest your "risk copital” with
a view toward eliminating the risks as fully us possible. You genera!ly don't have
to take severe risks by the time you are in a major hardware program.

As for space competing for funding on the basis of economic benefit, there
is every reason why it should compete very successfully. There is ample evidence
that space applications will shortly - if they have not already-provide economic
returns that can match, or perhaps exceed by as much as two to three times, the
annual national investment in space, both public and private. And this does not
take into account the economic return to the nation of such factors as new space
oriented industries. Interestingly, very few people were seriously thinking in
terms of space providing an economic return until very recently.

- Xix =




Precise figures are stili largely lacking. Nonetheless, the evidence is
clear For example, a study conducted for the National Academy of Sciences
poir. :d to the very high value of meteoroiogical data from the Nimbus and
Tiros satellites, and the newer ATS satellites of the Department of Commerce.
These data have encouraged the development of mathematical models to
simulate atmospheric systems on a global scale. The study indicates that weather
and atmospheric data relayed instantly to computers programmed on mathematical
models could make possible accurate weather forecasts for pericds of up to ten
days, and perhaps more. It is estimated that the value of such very lcng range
forecasts to agriculture and the construction industry, alone, could be in the
range of about $800 million a year. It is not difficult at all to visualize the
dramatic value that could accrue in such areas, as perhaps in geological survey,
aviation, and shipping. As a matter of fact, as a devoted fisherman, | can see
some real possibilities there - or for the entire vacation and resort industries,
for that matter.

Weather observation is just one significant economic benefit. Communications
is arother. There is no question thai the cost of new satellite communication
systems compares much more than favorably with the costs of new trans-oceanic
undersea cables, or cross-continent underground and suspended cable systems. |
understand that A.T.& T. is currently estimating that a combined, space based
telephone-television system - just for the domestic needs of the United States
would result in an investment savings of about $200 million by 1980.

So, any argument that the space program cannot compete o' economic
grounds is apt to prove woefully short=sighted. In fact, it seems ro me that one
of the strongest cases for support of the space program in the coming years is going
to be the economic case. Like aviation starting in the late 1920s, space in the
mid~1960s promises to open a vast new arena for economic growth. And this
rranslates in terms of new jobs, new challenges, and new possibilities.

There is, of course, another aspect of the economics of space. Until
rather recently, all of our space programs advanced in a comparatively uninhibited
cost environment. This is not to say that no one was thinking about costs, or
worried about them, or attempting to hold them down. On the contrary, this
has been a continuing and critical concern. The problem was that we had almost
no technical alternatives and even less experience. If we wanted to get into
space at all - if we wanted to develop a learning curve - then we had little
choice other than to proceed the way we did. From the technical standpoint, the
risks really weren't all that great. But we knew little about how to predict some
of the costs.

Today we have a solid leaming curve. We know a great deal more about

how to predict costs, and we also know a number of ways we can cut or eliminate
certain costs. Consequently, we are at the point where it is realistic to demand
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that every program be fully justified in terms of benefit in relation to cost. That
is, in preparing proposals and in advocating systems for space, we can address
the subject of costs with far greater confidence.

And this is to our advantage.

Moreover, NASA and the Air Force can now move even more in the
direction of commonality and of mu'ti-purpose designs with the aim of reducing
costs. Not that this is entirely new: The man-rating of the Air Force Titan il
for use with the NASA Gemini is a case in point. And, similarly, Gemini is
a vital element of the Air Force Manned Orbiting Laboratory (MOL).

But the trend will be even more pronounced. At the present time, in fact,
NASA and the Department of Defense are jointly studying possibilities for joint
use of manned and unmanned space systems. One possibility, perhaps, might
be a multipurpose spacecraft suitable for support of the missions and programs

both of NASA and the Air Force. Such dual mission systems if feasible and effective

in terms of the needs both of !<ASA and the Air Force, would result in substantial
savings.

Or, looking a bit further cheed, a very large payload space system might
serve specialized missions with highly specialized instrumentation, a ferry run

to place support systems in orbit for a future riission, and a resupply mission all on

the same launch.

As you know, both NASA and the Air Force are especially interested in the
re-use of recovered spacecraft. Wc've already had some success in this area on a
small scale. You may know, for example, that a recovered Gemini has been used
in testing a he.t shield for the MOL program. But on a much larger scale, our
preliminary studies indicate that there could be very substantial savings in the
reuse of entire spacecraft - even though the initial costs may be higher.

We are really just getting into the potential economies of re-usable systems.

We have been considering various propulsion modes for re-usable boost systems for
several years. Much of this is vital conceptual and theoretical work.

And, of course, the whole matter of re-entry and landing has been of
considerable interest. Current recovery techniques - involving dire- t impact
either on water or on land - appear to involve too many shocks tha: cannot easily
be eliminated. Moreover, air recovery by parachute appears to be limited by
weight considerations, at least for the near future. So we are keenly inteiested
in large payload boost systems and spacecraft that would have the capability of
landing in much the same way as a conventional aircraft.
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In line with this, NASA ond the Air Force have been conductirg joint

lifting body tests, principally using the X-24A. The results have been encouroging.

But there are stil! problems. Frankly, the idea of a night or weather approach at
250 knots in an X-24, which has no go-around capability, doesn't send me to the
locker room for my flight suit. What we will want in the actual operational space

system is the capacity for conventional landing - combined with the ability to
go-around or remair: in a holding pattern.

The message in all of this is that economies for space systems are not only
possible but technically desirable. And those who still hold to the view that you
can't do anything in space without virtually unlimited funds need to adjust their

thinking. We can do a great deal in space very econcmically. And we are going
to do just that.

We come, now, to one of the thorniest problems of all. This is the attitude
that unmanned near-earth-orbit space systems may have a role, but that man i-
space has no role. | will not, this morning, recount the many melllGl‘ argriments
in support of our manned space programs. This touches cn a subject closest to
you because you, better than most, know how crucial man is for space maintenance,
and what some of his powential extravehicular roles are,

In view of the broad range of space possibilities and the limited degree
to which they have yet been explored, the question we should logically ask is
simply under what circumstances can man do a better job, how much better, and
at what additional cost. This is a key question, and one we must answer in the
crucial post manned lunar landing decade.

We cannot ignore man in space and still remain iechnically competitive
in space. But this is not the only compelling reason to considar man's role in
space.

There is the matter of national security. | think there is no nation in the
"vorld more intent than ours on wholly peaceful space uses. But this deep intent
must not lead to the fallacy of ignoring one hard fact: There are potential
military applications for space. This is not to say that we need, therefore deploy

hostile space systems. It is simply to say that we should identify the potential
threats - and be able to counter them if need be.

In this connection, at the present time, one of the most urgent needs is to
quantify military man's role in space.” And | think that more people need to
understand that all of our military programs in space - manned or unmanned - have
this basic objective: To make any hostile military applications entirely unattractive
as a military expedient. More people need to think through the attitude that any
military srudy of possible military applications in space will necessarily invite
hostile military applications. The effect is much more likely to be precisely the
contrary.
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| have talked about some of the current attitudes toward space, an< of my
own views in their connection. There are, of course, other attitudes that | have
not addresszd at all. Some of them may be obvious.

| have not, for example, discussed the often expressed feeling that space is
essentially the arena of the large corporatiori and of the large design team. This
is a classic misconception. We look back, now, on such "little" problems as
eye irritatior:, the crying need for handholds, and unexpected profuse perspiration
during some of the earlier Gemini extiavehicular activity missions. And e know:
that the answers to these kinds of problems are most likely to come from the smaller
companies or from a single engineer or scientist.

So no one has an exclusive claim on space. Space is a truly national
challenge. We have essentially mastered the technology of space access and -
have made significant steps toward applications in space. '

But the real path through and beyond the threshold of space is not the path
of technology itself , but of human daring - of our abiiity to look well ahead of i
current technologies, and of current applications, for truly dramatic ad.ances and '
benefi's.

The challenge of space cries out not jusr for huge, talented, and well .
managed design teams, as important as these are. It cries out even more for the
imaginative and the creative who are not inhibited by the past or intimidated .
by the future, who are prepared to think unccnventionally and positively, and, ,
above al!, who are prepared to help drive the space program toward a future we
cannot now even foresee. )
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SPACE MAINTENANCE AND EVA
SPACE MISSIONS

INTRODUCTION

Walton L. Jones, M.D., Session Chairman
Stanley Deutsch, Ph. D., Co-Chairman
NASA Headquarters

Welcome to Session | on Space Maintenance and EVA Space Missions.
Thanks to Bob and Larry, we have an extensive program aim. ! at understanding
the capabilities of man to perform useful work outside the pressure vehicle in
space and the development of equipment and tools to facilitate this effort. We
are also interested in the development f life support systems and space suits
required fo- astronaut EVA efforts as part of our larger effort in environmental
control systems and protective equipment.

Our speakers this morning will cover mainline Apollo EVA, in-flight
maintenance of space vehicles, and a look at several aspects of man's role in
EVA. Dr. Staniey Deutsch, Chief of Man-Systems integration in my program
office, is co-chairman of this session with me. Dr. Deutsch is program manager
for the NASA Extravehicular Technology Task Area.

Our first paper is titled "In-flight EVA for Mainline Apollo Missions. "
It is authored by Mr. Robert Bond and Mr. Jerry Goodman of the NASA Manned
Spacecraft Center and Mr. Frank Parker of the General Electric Company.

Mr. Bond, who will present the paper, is an Aerospace Technologist in
the Operations Integration Branch of the Apollo Spacecraft Program Office,
Manned Spacecraft Center, NASA. He joined NASA in 1965, ofter a period
as an officer in the Air Force. He rec:ived an M.S. in Psychology from the
University of Mississippi.

Our second speaker is Mr. Donald Barnes. Mr. Barnes has 28 years experience
in the aerospace field including 12 years expnerience with the Douglas Company.
Mr. Barnes is responsible for analyzing and defining logistics requirements for earth
orbital operations and th: developruent of logistics systems and plans to meet these
requirements. He is the Chief of the Space Systems Analysis Section.

Before joining Douglas in 1955, he served with the U.S. Air Force for 16 years
in maintenance and operations assignments, the last 5 years of which were spent as a
Navigator with the Strategic Air Command. Mr, Barnes will present a paper on
In-flight Maintenance of Space Stations and Spacecraft.

1.



Our last speaker this morning is Mr. Peter Van Schaik, who was until
recently Technical Area Manager for Space Maintenance and Maneuvering,
Air Force Aero Propuision Laboratory. Mr. Van Schaik is now with the Advanced
Planning Office of the same Laboratory.

Mr. Van Schaik graduated from Genera! Motors Institute of Technolog:
in 1953. He entered the research and deveiopment on EVA Techniques and
Equipment in 1960. He has been responsible for programs on Astronaut Manauvering
Unit, Experiment D-12 on Gemini, the Space Power Tool, which was Experiment
D-16, and various other EVA programs in the Air Force. Mr. Van Schaik will
discuss man's changing role in EVA Space.
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IN-FLIGHT EVA FOR MATIWLINE APOLLO MISSIONS

Robert L. Bond
Jerry R. Goodman

Apollo Spacecraft Program Office
Manned Spacecraft Center
National Aeronautics and Space Administration
Houston, Texas

and
Frank W. Parker

Apollo Systems Department
General Electric Company :
Houston, Texas l

SUMMARY: The objectives of the paper are to define
the requirements for Apollo in-flight EVA, trace the
development of an equipment subsystem that would
support contingency EV transfer from the IM to the
CM, and outline the present plan for a demonstration
of the system during space flight.

INTRODUCTION

The objective of the mainline
Apollo progream is to iand a two=-
men crew on the lunar surface and
return them safely to earth.
Several approaches were available
concerning crew composition and
vehicle performance. The method
adopted by the NASA will see a
three-men crew leave the esrth
aboard a CSM (command and service
module) lofted into earth orbit by
& Saturn V vooster. In addition
to the CSM, the final stege of the
Saturn V will contein a IM (lunar
module) which will be used for the
descent +*0 and ascent from the
lunar surface (figure 1). Follow=
ing a propulsion maneuver by the
third stage of the Saturn V which
will place the combination of
vehicles on a transluuar trajectory,
the crew will dock the CSM with the
IM, and these two units will
separate from the booster's final

stage (figure 2). ‘he crew will
remain in the CM (coumand module)
until the combined vehicles have
attained lunar orbit. Two of
the three crewmen will then
transfer intravchicularly through
the transfer tunnel from the CM
to tne IM (figure 3). The CM,
with the one remeining crewman,
will remain in lunar orbit
while the LM, with its two-man
crew, descends to the lunar
surface. At the completion of
the lunar surface stey the
ascent stage of the IM will
Jift the crew into lunar orbit
to rendezvous with the CSM.
The two spacecraft will dock
(figure 4) and the IM crew will
again meke an IVT (intravehicular
transfer) into the CM; the IM will
settisoned to remain in l'mar
nrbit; end the CSM will return
the Apollo crew to earth.

l.2.1
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TRANSFER TO LM

FIGURE 3

REQUIREMENTS FOR
IN-FLIGHT EVA

The two-vehicle approach to the
lunar landing mission has brouglt
about a new set of manned spaceflight
requirements associated with the
transfer of crewmen between vehicles.
Although extensive wrovisions have
been made, both mechanically and pro-
cedurally, to insure the ease with
which IVT can be performed, there are
two classes of potential contine-
gencies which lead to the need for &
backup transfer system should the IVT

i.2.2

DOCKING AND SEPARATION

SRR FCRAFT FROM s Ve

FIGURE 2

LM ASCENT-CSM DOCKED

not be possible. The only remain-
ing mode in such cases is an extra-
vehicular transfer (EVT).

The two classes of problems which
could force the IM crewmen into the
EVT mode are (1) those relating to
the docking and the mechanical
devices necessary to insure its
success, and (2) those associated
with vehicle control. In the former,
the primary concern is the possible
jamming of equipment in the trans-
fer tunnel since the docking probe
and drogue (figure 5) must be
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DOCKING PROBE AND DPOGUE

DROGUE ASSEMBLY

PROBE ASSEMBLY

FIGURE 5

removed from the passage to c¢lear the
way for the crewmen. In the latter,
there is the possibiiity that exces-
sive consumption of fuel or control
stability difficulties could render
the IM a moving target rather than a
stable docking platform. This family
of potential difficuities, however,
is considered much less likely to
become an overt problem than those
associated with the tunnel hardware
menipulations.

Although the lunar lending mission
has been stressed, the EVT require-
ment remains unchanged for any Apoilo
mission in which manned IM operations
are to be performed. Since only the
CM is designed for reentry into the

earth's atmosphere, crew recovery into

that vehicle is essential. Thus, the
EVT cepability had to be operational

by the time of the first earth orbital

mission in which manned IM operations
vere to be conducted with the IM
separated from the CSM,

TECHNICAL APYROACH

The recognition of the need for
an alternate trensfer path between
the IM and CM led to an early design
of hardware to fulfill thls need.

At this stage of the Apollo hardware

design cycle, however, lASA did not
have the advantage of ...e experience
and insight gained in the EVA envi-
romment during the later Gemini
missions, and the initial Apollo
transfer systew, though seemingly
feasible at thz time, provei to be
inadequate to meet the requirements.

During the EVA's conducced on the
Gemiri 4, 9, 10, 11, and 12 missions,
various techniques and hardware pro-
visions for manual extravehicular
locomotion and restraint were
evaluated. It was learned that the
preferred transfer device was 2
rigid and continuous handrail aiong
wiich the EVA crewman could trans-
late. Experience also showed that
for any appreciable task to be
accomplished, local aree restraints
were essential.l

In view of the recognized
requirements for the EVT provisions,
and the indications from Gemini
experience that the initial concepts
provided for Apollo were inadequate,
a8 team was formed to definitize the:
requirements and develop suitable
hardware provisions to meet the
requirements. The EVA team recog-
nized that the equipment needed by
the Apollo crewman to safely per-
form the extravehicular transfer
from IM to CM would include:

(1) A system of installed trans-
lation aids for manual locomotion on
both the IM and CSM;

(2) Sufficient artificial illumi-
nation of the transfer path to permit
8 night-time transfer;

(3) A personal safety line and
local area restraints, to aid in
body positioning where necessary
during the transfer;

(4) A tool to permit opening of
the CM side hatch from outside in

1.2.3
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case the crevmen inside the CM pad
not already don2 so; and

(5) A spac2suit end portab_e life
support systeri capable of protecting
the crewmen from the thermal-vacuum
environment during the pericd of
transfer.

The design of provisions for (1)
through (4) 2bove was of immediate
concern to the group, since it was
believed that the spacesuit-life
support system being developed Ior
Apollo lunar surface EVA would
adequately support the EVT require-
ment.

General design requirements were
then speciried ror the EVT system on
both spacecraft. The prime mode of
transfer vould be via rigid transla-
tion rails, hard-mounted to the sur-
faces of the vehicles. The system
would have to allow a crewman to
egress his vehicle, transfer to the
other vehicle, ingress the second
vehicle, and secure it for further
mission operations for cases in which
the vehicles were (1) docked, (2)
undocked@, (3) docked with one vehicle
without control authority, and (k)
without assistance from a fellow crew
member either docked or undocked.

Additionally, the EVT hardware pro-
visions were to be designed to provide
for adequate support/restraint to per-
mit: (1) control of body attitude and
orientation during translations to
insure crew safety and prevent
damaging exterior equipment on the LM
or CM, such as antennas, thrusters,
window coatings, or the spacesuit
itself, and (2) the performance of
work tasks, such as hatch opening and
CM IM ing'ess/egress.

The translation aids were to be
simple in design, of minimum weight,
fixed in place ready to use, and have
cross section znd clearance such that
they could be sasily felt and grasped

1.2.4

by the crewman wezring the pressure
suit glove without slippage or loss
of rigidity under applied loads. A
rectangular form factor was specified
for handrail cross section, since
Gemini erxperience showed this con-
figuration permitted good manual
control of body attitude. Provi-
sion for the attachment of leccal
area restraint tethers was judged
desirable to permit the crewman to
restrain himself quickly to any
translation aid at any point during
the transier. Materials used for
the installed exterior translation
aids were to be such that high or
low temperatures and conductivity
were not limiting facters in using
the devices.

Since the above criteria applied
equally to both the CM and IM EVT
installation, one might assume the
resulting exterior hardware would
emerge identical. This would have
been the case, had it not been for
the fact that the CM and IM are
constructed very differently to
accommodate different environmeatal
temperatures and forces encountered
during their respective mission
prases. For example, the LM rides
into orbit inside a protective
cocoon which opens only after the
earth's atmosphere has been left
behind (figure 2). Later, the iM
is discarded in lunar orbit long
before the Apollo crew reenter the
earth's atmosphere. The IM
exterior therefore contains neither
streamlining nor an ablative heat
shield and is functionally pat-
terned to contain and shield the
crew during orbital and lunar sur-
face phases of the mission. On
the other hand, “he CM exterior
surface leaves “he earth covered
tightly by a ihin boost protective
cover which is jettisoned with the
launch escape tower prior to earth
orbit insertion (figure 1). During
the translunar trip it sees the
same thermal vacuum environment as

© e ra i —
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the IM. On the return trip, after
the IM has been discarded, the CM
surface must withstand the high heat
of earth atmosphere reentry and pro-
vide the proper dynamic lift and

drag for stability and control during
reentry. After reentry, parachute-
are deployed from the CM exterior,
and after landing, swimmers scramble
on the surface of the spacecraft to
attach flotation devices and a sea
anchor. It is apparent that any
exterior fittings added to the "M
surface would have many more mission
phases, possible interferences,

and diverse environments to deal with
than those ad”-? to the IM.

The resulting exterior hardware

provisions on the CSM and 1M for EVT
are shown in figure 6. Details of

NASA S48 279

TOTAL EVA TRANSFER PATH

DOCKING
SPOTLIGHT
EVA POLELIGHT

CM HANDRAILS

VHF ANTENNA

IM HANDRAIL
T-THERMAL
[ CON?OL
HAND HOLD——(Y (o msggn
ONLY)

the provisions are contained in
attachments 2 and 3 to this paper.
The CM installation consists of six
handrails installed on the conical
surface and a seventh circular rail
which is located at the apex of the
vehicle. A single continuous rail
is installed on the LM leading from
the front hatch to the docking inter-
face between the two spacecraft.
Self-contained radio luminescent

lighting is provided on all the
hand:2ils and a standoff polelight
is installed on the CSM illuminating
the transfer area. The foliowing
sections will describe the develop-
ment of the CM and IM exterior pro=-
visions and describe the crew
personal equipment provided to
support EVT.

COMMAND MODULE
EXTERIOR PROVISIONS

Late in 1966, EVA team members
oegan technical discussions with
North American Rockwell Corporation
to determine the feasibility of
installing a system of fixed hand-
rails and tether attach points to
the outside of the CM. Initial
responses were predictably pessi-
mistic since the surface of the CM
is covered by about one inch of
ablative heat shield material and a
boost protective cover fits snugly
over the conical surface at earth
lannch. To add anything to this
surface would necessarily disturb
the heat shield thermal integrity,
the aerodynamic reentry shape of
the CM, the fit of the boost cover
at launch, the fit of the launch
access arm (white roon) through
which the crew enter the CM on the
pad, as well as possible interfer-
ences with window vision, parachute
riser deployment during low alti-
tude abort situations, operation of
the CM uprighting system in cases
where the CM comes to rest inverted
in the water, or interference with
the flotation collar which is
attached by swimmers around the CM
exterior to help stebilize it after
landing.

It was agreed, however, that the
job was feasible, and, based upon
this, the team began initial place-
ment studies using a full size CM
mockup at MSC, Houston. A small
portion of the top of the LM

1.2.5

.

" fpbdsar s s -

o,



. mm— e ] -

[

spacecraft was constructed and mated

with the CM mockup to permit visuali-
zation of the interfacing area across

which the crewman would make his
transfer. Existing locations of
windows, launch escape tower attach

points, side hatch, and RCS thrusters

on the CM necessitated the adoption
of a segmented transfer path instead
of one continuous reil. Figure T

31lustrates the initial rail locations
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FIGURE 7

chosen for further design study.
The rails were designated "A"
through "H" on the conical surface
of the spacecraft, and a circuler
handrail was located at the apex,
surrounding the docking ring. This
circular rail would be used by the
crewmen to come aboard the CM from
the IM should the two vehicles be
undocked at the time of EVT. The
apex of the CM is located in front
and below the field of view of the
CM pilot as he looks through the
docking window; therefore, the
circular rail would not interfere
witl the pilot's vision during the
approach, but he could keep the
transferring crewman in sight until
he made contact with the apex rail.
Raila !'G", "F", IIDII, "cll, and HB"
provide the path from the apex to

1.2.6

the side hatch. Rail "E" would be
used to pull the hatch open.
Reduced gravity simulations proved
rails "A" and "H" to be unnecessary
and they were removed from the
final system. Attach points for
the crewman's personal restraint
tethers were recommended at each
end of the handrails, providing

the crewman a number of choices

for tether attachment should he
need restraiant while translatiag,
opening the hatch, ingressing, etc.
The rails were placed within easy
reach of each other by a crewman
wearing the pressurized Apollo
spacesuit, and each rail was
required to be of sufficient length
to allow the crewman to grasp it

simultaneously with both EVA gloves.

While rail protrusion off the CM
surface had to be minimized, it
was determined that a grasp clear-
ance of two inches was essential
to permit easy use with the
pressurized glove.

At the North American facility,
Downey, California, details were
worked out to define how the rails
could be designed and installed
without interferring with the rany
other spacecreft systems and
functions previously mentioned.
The rails were designed of aluminum
and fastened to the ablative heat
shield through heat resistant plugs
to prevent thermal shorts to the
cabin. The e2luminum would turn
off during reentry before reaching
temperatures which could be of
darger in this respect. The plugs
were designed to let the rails
break off cleanly in the event a
parachute riser should contact a
rall during chute deployment, and
sides and ends were ramped to
felr in smoothly with the CM
surface and minimize snagging.

The boost protective cover was
modified to provide bulges to
accommodate each rail and faired
to prevent snags as the boost
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cover ‘ettisoned from the T during
laurch, For rail "G" the boost
cover did not reguire modification,
since in this upper segment a one
inch clearance already existed
vetveen boost cover and CM surface
(figure €). 3y designing rail "G"
as a deployavle "pop-up" rail, it
was possivle to fit it under the
one inch clearance. A fixed design
was adopied for the remaining rails,
since in the lower portions of the
boost cover, no clearance existed,
and cover modifications were
necessary in any event. The trans-
verse and longitudinal ramps at the
end of each rail were designed to
doudble as the restraint tether
attach points previously mentioned.

In larch 1957, a preliminary
design review was conducted to

I NASA_S.08.3//4 -

CREW
EVALUATION
OF

. .

evaluete the proposed instaliation.
is shovn in figure 9, Apollo crewmen
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BOOST PROTECTIVE COVER

1 INCH CLEARANCE BETWEEN
CM SURFACE AND BOOST CDVER—\
—B8OO0ST COVER OVER
UPPER PORTION OF CM

0.3 IN. THICK
CORK ABLATOR

FLUSH OVER
LOWER PORTION
OF CM
SM FAIRING
CM HEAY
.z SHIELD DETAIL A
ABLATOR
FIGURE 8

FIGURE 9
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utilized the full pressurized
spacesuit at this time to check
grasp clearances, reach distances,
and the hatch opening task.

Having estublished the basic design
and acceptability of the exterior
system, the question of how to
properly illuminate the Cil surface
during a night time transfer was
investigated. The lighting pro-
visions would illuminate the IM-CM
transfer path and facilitate night
or shadowed daylight visual
detection of the location and
orientation of the nandrails,
tether attach points, and the CM
side hatch. Work site illumination
for a possibtle hatch opening task
would also be provided. Since the
transfer might be with CM and 1M
undocked, the illumination source
would need to be installed on the
CM. Two sources of illumination
were proposed for evaluation: /(1)
two deployable EVA polelights
which would illuminate the CM with
a soft light from either side of
the side hatch, and (2) self-
contained radio luminescent (RL)
discs which could be imbedded in
each handrail to provide visual cues
to the crewman as he transferred.
A lighting review was conducted to
evaluate these concepts in June
1967. As a result of this veview,
only the polelight to the right of
the hatch was retained, and RL
discs were made a part of each
handrail. RL will also be provided
on the CM side hatch to indicate
the location of the cabin Qump
valve and the socket for the hatch
opening tool. Figures 10 and 11
illustrate the EVA illumination
alds.

Attachment 2 to this paper
illustrates the complete CM EVT
exterior installations, including
illumination provisions. A
flattened tubular hendrail cross
section of approximetely 1 1/4" x

1.2.8
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5/8" was adopted since this con-
figuration had been proved on
Gemini missions to be very satis-
factory for manually controlling
body position during EV transfers.
This rail shape presented minimum
protrusion off the CM surface, and,
by proper selection of tube thick-
ness and attaclment method, wes
made sufficiently strong to with-
stand the following expected loads:
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(1) Ground handling loads during
chipment, instal”ation, and assembly
cf the CSM on th. launch pad. The
rails could be expected to provide
a natural place for workmen to grasp
or use as a step.

(2) Manual loads imposed by the
crevman while transluting and con-
trolling body positioning.

(3) Reaction loads applied by
the crewvman's local restraint
tethers.

By designing the rails to with-
stand a force of 600 1bs, an adequate
safety margin was provided for the
1loads identified above. As pre-
viously mentioned, the rail attach-
ments were designed to break cleanly
under very high loads (2,000 1bs for
pilot chutes; 20,000 lbs for drogue
chutes) which could be imposed by
parachute risers during chute deploy-~
ment.

LUNAR MODULE
EXTERTOR PROVISIONS

Concurrent with initial mockup
and feasibility ctudies for CM.
exterior EVT provisions, a full
scale LM ascent stage mockup was
utilized at MSC Houston to invesuvi-
gate possible configurations and
routing for a IM handrail. This
exterior rail on the LM would
provide the trensfer path from
the front hatch area, across the
front face of the vehicle, to the
docking interface, where thr
crewman would make the trancsition
from the IM rail to the CM rails.

Design and placement of the IM
EVT provisions was to be decidedly
easier than on the CM since the
guestions of aerodynamic inter-

‘ferences, reentry heating, and

eartli landing system interference

did not apply to the LM outer
surface.

From mockup studies using both
the CM and IM vehicles it was
proposed that a single continuwous
rail, approximately 130 inches long,
be placed cijacent to the front
hatch (as shown in figure 12) to

“

LUNAR MODULE ﬂ

EVA HANDRAIL .~
MOCK UP - 11,

FIGURE 12

lead directly up the front face
beam shield, past the rendezvous
radar antenna, to the area of the

7 docking ring.

Detailed design studies were
undertaken at Grumman Aircraft

“Engineering Corporation for the

IM rail insvallation concurrently
with previously described CM
design studies. The rail location
was found to be feasible as pro-
posed, and the engineering effort
was concentrated on adopting the
rail supports to the relatively
lightweight construction IM struc-
ture to achieve the required rail
strength, while at the same time
insuring no thermal leak paths
into the crew compartment.

Since valuable fuel is reqﬁired
to lanG and reorbit every piece of

1.2.9
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installed equipment on the IM ascent
stage, every effort was made to keep
the handrail as light as possible,
The total final installation weighs
approximately six pounds.

Supports for the rail are located
at intervals of about one foot.
Should the crawman wish to stop
enroute to the CM, his local restraint
tethers can be attached to either
the rail supports or the rall itself,
Since the IM rail is continuous, the
crewman will be able to make the
transfer along the rail to the CM
without letting go enroute. However,
for added safety, illumination aids
to provide nighttime visual cues
were provided by installing radio
luminescent discs at intervals along
the rail.

Attachment 3 to this paper
illustrates the LM exterior EVA
provisions.

DEVELOPMENT TESTING OF
VEHICLE EVT PROVISIONS

The development tests necessary
for the exterior EVT installation
were of two general ty .s:

(1) Hardware qualification tests
to insure that the handrails would
perform as designed nnder the heat,
shock, and vibration loads encountered
during the mission, and

(2) Functional tests or the
transfer path, utilizing fully
8. ted Apollo crewmen, to verify
the adequacy of the equipment and
develop procedures for use during
the missions.

In the first category, the CM
rails were of primexry concern
because of the close interface with
the boost cover, heat shield, and
earth landing system during launch
and recovery phases of the mission.

1.2.10

The best test would obviously be
to fly the installation on an actual
spacecraft, therefore test rails
were installed on CM Spacecxaft
017 and 020, scheduled for the
ummanned flights Apollo L and
Apollo 6. Rails "B" and "F" vere
flown on Spacecraft OLT and rails
"B", ”D", "E", "F"’ and IIG" on
Spacecraft 020. Post recovery
inspection of the rails showed
that they survived the reentry
heat with no apparent damage,

and were in fact very useful to
recovery team swimmers as they
worked to install the flotation
device. Figure 13 shows Space=
craft 017 just following splash-
down, with the swimmer holding
rail "B." Figure 14 was taken
of Spacecraft 020 by one of the
swimmers approaching from the
water, and figure 15 shows again
the excellent condition of the
rails on Apollo 6. The recovery
team member is making good use
of reil "B" in figure 15.

An additional test was conducted
by North American Rockwell Corpora-
tion to investigate the failure
mode of the rails in case & para-
chute riser should sweep across
the CM conical surface during
the chute deployment. This could
take place as the CM oscillates
during normal reentry and chute
deployment or in cases of launch
abort in which the CM tumbles as
the chutes deploy. ZRisers were
passed over a segment of the
conical surface containing typical
handrails, at the anticipated
tension loads, and the rails were
broken off cleanly at their base
mountirgs. No snegging was
encountered in these tests,

No special qualification t.sts
were necessary for the IM rail
installation other than those
normally associated with thermal
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FIGURE 14
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FIGURE i3

and vibration qualification of the
IM external surfaces.

In the second category of func-
tional testing, *“he objective was
to exercise the complete IM-CM
transfer path in conditions as
close to the zero gravity environ-
ment of space as possible in order
to verify that the placement, size,
shape, and strength of the provi-
sions were in all respects adequate
to provide the emergency EVT cape~
bility. Although no single test -
medium on earth simalates fully the
vacuum and zero gravity of space,
two methods have been developed
which closely approach these con-
Aitions and, when employed together

L.2.11
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in a test program, th.y give a high
degree of confidence that resuléis
will be similar to those to be
encountered later in space. The
first method utilizes a USAF KC-135
aircraft to fly paresbolic flight
paths to achieve about 30 seconds
of zero gravity in the cabin ares.
The second employs an underwater
test facility to provide longer
periods of simulated weightlessness,
although an obvious drawback is the
ever present viscosity of the water
which impedes movement and tempts
the test subject to swim.

For tests aboard the KC-135,

partial mockups of both the CM and
IM were installed in the cabin.

1.2.12

The IM mockup permitted the Apollo
crewmen to egress the IM through
the front hatch and translate along
the TM rail to the wvehicle docking
interface. The CM mockup was then
utilized to complete the transfer
maneuver, attach personal restraints,
and perform the hatech opening task.
Figure 16 shows Apollo crewman
Micheel Collins translating aloag
the LM rail after clearing the
front hatch ares, and figure 17
shows the crewman opening the CM
side hatch using rails "D" and "E."

The larger volume of the water
immersion facility permitted
Joining full sized IM and CM
mockups underwater for a complete
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uninlerrupted transfer simulation
from hatch to hatch. Several Apollo
creimen performed this exercice
with apperent ease and rated the
installation as adequate for its
designed purpose. Figure 18 shows
an Apollc crewmen meking the trans-
fer in the underwater facility at
MSC Houston.

INDIVIDUAL CREW
EQUIPMENT FOR EVA

The extravehicular space environ=
ment to be encountered in earth or
Junar orbit is similer, though
somevwhat less severe than that to
be encountered during lunar surface
EVA. In each case, the crewman
will be exposed to the harl vacuum,
direct sunlight, and micrometeorvids.
On the lunar surfeace, additional
heet will be encovntered from refliec=
tions off the surface and from
craters, and a weak gravity field
equal to one-sixth that on earth
will give the crewman a verticel
reference and the capebility to
walk over the lunar surface. 1In
orbit there wlll be no apparent
gravity field acting on the crewman
and the heat loads on his spacesult
will be somewhat less scvere. In

N .
» L]

OPENING X
. .COMMAND _ %25
MODULE ¥ 7%
HATCH 4.
" INZERO-G~
AIRCRAFT

FIGURE 1T

view of the similerity botween
extravehicular environments ir
orbit and on the lurar surface,
the sape personal equipment will
support both.

The combined spacesuvit-life
support system developed for the
lunar surface EVA is known as
the EMU (Extravehicular Mobility
Unit) and consists of the fol-
lowing items of equipment:

The PGA (Pressurs Garment
Assembly) is Lke basic spacesuit,
which like the Gemini suit contains
an integrated multi-layer thermal-
meteoroid protective garment. To
& greater degree than earlier
suits, the PGA is an approximately
constant volume suli which allows
greater gener<l mobility while
pressurized. .

The EVVA (Extravehicular Visor
Assembly) fits over the spacesuit
helmet and contalns twn coated
visors whi-sh moy be selected much
like sunglasses to protect from
direct sun glare or reflected
glare from the spacecraft cr
lunar surface.

1.2.13
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A pair of lunar woots is worn over
the PGA boots to provide firm footing
on the lunar surface and provide addi-
tional lsayers of thermal-meteoroid
protection

. o&’r c. extravehicular gloves is
substituted for the normal intra-
vehicular gloves. The EV gloves
contain . dded thermal-meteoroid
protective layers.

The PLSS (Portable Life Support
System) is worn on the crewman's
back during lunar surface EVA and
is capable of supplying oxygen and
cooling for a four-nour excursion
outside the IM. A backup emergency
device, the OPS (Oxygen Purge System)
is worn as an attachment to the PLSS.

1.2.14

The OPS provides an independent
30-minute supply of gaseous oxygen
as a backup to the PLSS. A multi-
layer thermal cover for the PLSS
gas connectors protects against
the lunar heat loads.

Current plans are to leave the
lunar boots, gas connector covers,
and PLSS on the lunar surface at
lift-off. The OPS would be
carried into lunar orbit to serve
as the source of extravehicular
life support for the contingency
EVT, should it be necessary.

The personal equipment items to
be provided the crewmen uniquely
for the EVT consist of a single
safety tether line and four
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rersonal restraint tethers, two for
each man. The safety line will be
approximately 2° feet long and will
be utilized to provide a positive
connection between the EV crewman and
the =spacecraft at all times. This
line would be attached inside the
IM cabin ty the first crewman making
the transfer to the CM. After
entering the CM, the first crewman
would attach his end of the safety
line inside the CM cabin. The

other end of the line would then be
disconnected from within the LM
cabin by the second crewman and
attached to his spacesuit prior

to his making the transfer. The
short restraint tethers are

fastened at each side of the
crewnian's waist and are ad ustable
in length. Their purpose will be

to provide local area restrazint while
performing work tasks such as hatch
opening or to permit the crewman

to rest and relax without the neces-
sity of continuously grasping a
handhold. These small restraint
tethers will also be useful for
temporary restraint of loose items.

The final itew of personal equip-
ment for the EVT is the small hatch
opening tool which is supplied to
the first crewman making the transfer
to the CM. It is to be used only in
case the third crewman inside the CM
has not already opened the side
hatch in pre .ratiorn for the EVT.

Figure 19 shows the full range of
personal equipment to be used in
Apollo EVA.

MISSION "D"
PLANNED EVA

The types of missions leading up
to a lunar landing mission have been
designated as types "A" through "G,"
where "A" t;pe missious are urmanned
CSM's, "B" type are uamanned IM's,
etc., culminating in "G" types being

MAZA-S 08 3708

CREW EQUIPMENT FOR EVA

FIGURE 19

manned lunar landing missions. In
this sequencz, the "D" type mission
is an earth orbital mission in
which both the CSM and IM will
perform manned maneuvers. Since
the manned LM undocks from the

CSM ia a mission of this type,

the EVT capability must be opera-
tional and ready to support a
possible contingency transfer by
flight time. Extensive training
will be conCucted in various simu~
lated zero gravity facilities
prior to the time the "D" type
mission is flown, although the
total cperational enviromment cf
thermal vacuum, zero gravity,

and flight hardware and vehicles
will not be encountered until

the actual flight. Thus, the EVT
wiil be demonstrated in the mission
timeline prior to manned undocking
of the IM,

The planned in-flight EVT demon-
st~ation will occur during the
fourth day of the mission, follow-
iag a full day of IM checkout and
systems exercising with the IM
and CSM docked. Undocking, separa-
tion, rendezvous, and radocking

1.2,15
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will occur on the mission day suc-
sequent tvo the EVA,

The EVA dey will tegin with a
short period of IM systems checroul
to insure that those vehicle sukt-
systems necessary to supoort the
activity are functioning properly.
A period of EVA preperation will
follow the vehicie checkout, and
this period will ve devoted to
donning and functionally checking
out the EVA life s=ipport equiumens
and generally configuring the
vehicle and personnel for the

NASA-5-68-3781

..CM_AS SEEN BY LM EVA CAMERA

ensuing activity. Following this
preparation activity, the LM will
ve depressurized and the EVA crewnan
will egress the vehicle through the
front hatch and mount & 16 mm
sequence camera on %“he boarding
platform handrail. This camera
will face the transfer path and
will view the crewman's activity
during transfer and CM ingress and
egress. Tre expected view is

shown in figure 20. The c’rewman
will then ingress the I and
prepare to - ike & timed transfer

to the CM.

FIGURE 20

Concurrent with IM EVA preparation,

the crewman remaining in the CM will
prepare that vchicle to suppcert the
EVA. He will mount a 16 mm sequence

1.2.16

camera to the CM side hatch in such
a manner that when the hatch is
fully opened the camera will view
the transfer path and the LM egress
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and ingress.
shown in figure 21.

hatch will be opened r-ior to the
first egress from the Lif so that
photo coverage will be available

for all activities performed during

NASA.S 68 378C

" LUNAR MODULE

AS SEANEY

The expected view is
The CM side

the EVA. Both the 16 mm cameras
will be remotely controlled ty the
crewnen remaining in the vehicles,
thus camera running time can be
limited to those periods when the
EVA crewman is within camera range.

(. OMMAND MODULE

EVA CAMERA

The EVT will be performed as a
timed end-to-end activity, uninter-
rupted by other activities, such-as
the mounting of the camera.
crewman will egress the LM, trans-
late to the CM side hatch via the
IM and CM handrails, and ingress the
CM. Following a rest period, the
EVA crewman will egress the CM and

The

retrieve several thermal control

camples located on the surface of
she CM and SM 'n the area near the

P

i

FIGURE 21

natch. The samples will te passed ,
to the crewmen in the CM for !
stowage, and the EVA crewman will

return to the IM via the transfer

rails. This first sequence of

activities will commence at the

beginning of a daylight pass and

terminate with the crewman back

at the IM boearding platform before

the vehicles enter the dark portion

of the revolution.

1.2.37 !
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The EVA crewman will be restrained
in a standing position on the IM
boarding platform during the nightside
pass and will evaluate the various
lighting aids associated with the EVT
during that time. The crewman in the
CM will actuate the various lighting
modes, as necessary.

Following the sunrise subsequent
to the lighting evaluation, the EVA
crewman will retrieve a thermal con-
trol sample located on the forward
surface of the IM near the commander's
window. This sample will be passed
to the crewman ia the IM and the
remainder of the EVA will be devoted
to activities in the vicinity of the
IM forward hatch. As the total EVA
time approaches two hours, the EVA
crewman will ingress the IM and the
EVA period will be terminated. A
period of post EVA activities will
conclude this phase of the mission
and will include doffing the EVA
equipment, stowing the items used
or collected during the EVA, and
configuring the vehicles and
personnel for an eat and sleep per:iod.

Since current mission planning
calls for this to be the only planned
TVA prior to the surface excursions
of the lunar landing mission, the
timeline has been extended beyond
that necessary to demoustrate the
EVT in an attempt to gither data
from, and operational experience
with, the hardware intended to sup-
port the surface excursions. The
crevman conducting the EVT will
wear the full array of life support
equipment to be worn during lunar
surface EVA with the exception of
the lunar surface boots and a
thermal protective cover for exposed
spacesult gas connectors. He will
have available both the PLSS and
OPS, although only one of these
units wouvld be used dwiug an actual
contingency EVT. By having avail-
able both units, the crewman has a
redundant life support sysiem in

1.2.18

case of emergency, and he is addi-
tionally gathering life support
system performance data pertinent
to the lunar surface mission.

CONCLUSION

This paper has been addressed
to the recognition of the need
for an alternate return path from
& space vehicle which has for
some reason lost its capability
to dock with its sister ship or,
having docked, is incapable of
supporting an intravehicular
crew transfer. 1In either case,
the only path of return for the
crewmen is via extravehicular
transfer. The efforts brought
to bear on this problem were
aimed particularly at the mainline
Apollo contingency transfer, but
the technology develcped is a
step toward EVA as an operational
capability. The authors hope
that the hardware and procedures
developed for Apollo EVT will
become pari of an ever growing
technology aied toward future
programs and nissions in which
EVA will be an operational
requirement rather than a con-
tingency procedure.

lGemini EVA Summary Report,

MSC~G-R-6T7-2
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IN-FLIGHT MAINTENANCE OF SPACE STATIONS AND SPACECRAFT

I. A. BARNES

Advance Systems & Technology - Logistics Support
Douglas Missile & Space Systems Division
McDonnell Douglas Corporation, Huntington Beach, California

SUMMARY: There has been considerable discussion of whether or not
in-flight maintenanceis a valid requirement. A review ofpast experience
clearly shows that human error and equipment failure are ever-present,
and have a definite effect on mission success; therefore, the major issue
is notwhether an in-flight maintenance capability should be developed, but
rather how this capability can be dewveloped in terms of technical and
economic feasibility. Current and futur~ space maintenance require-
ments arepresented, showing the dynamic relationship of these
requirements with reliability, maintainability, equipmentdesign and
human factors criteria, togcther with *the ultimate effect on mission
success. Mission-oriented maintenanc ncepts are established for.
each mission category, which include earth orbital, lunar orbital and
planctary fly-by missions. Each ccucept considers: what can be
replaced or repaired, what can fail but cannot be replaced or repaired
in-flight, what effect replacementand repair action (or its ornission) has
onmission successor crew safety, and howoften replacement and repair
isrequired. The four basic maintenancemodespresented are: remove-
replace-discard, repair without removal, remove-replace-repair, and
remove-repair-replace. Simplicity, improved equipment reliability,
crew safety and improved probability of mission success are among the
criteria established for each maintenance task. Other considerations
include: crewtime available for maintenance, fault detection andiscilation
systems, maintenance aids, the requirement for resupply missions and
maintenance techniques necessary for intravehicular activity (1IVA) and
) extravehicular activity (EVA). This approach results in in-flight
: maintenance policiesand plans which further assure attainment
of mission objectives.

o\ o s gt nern o rm st e « <

INTRODUCTION sion factors to be considered. The
:; selection of mission objectives with
The rapid pace of ever-expanding their resultant tasks requires careful
" technologies coupled with the highcost anc thorough analyses to be compati-
¢ of research and development (R&D) ble with and support the national space
% activities ia the environment of space program objectives. Also, technical
§ wnake it both logical and realistic to and economic feasibility, along with
E‘ conclude that future manned space- <crew safety, are prime decision fac-
2 flight missions will be of extended or tors which are employed throughout
¥ long duration in order to obtain the the mission planning process.

B

Ay

maximum return on the R&D dollar
investment and to minimize the gaps
in technology gains.

The planning of these missions is
a very complex task with ma'.y deci-

In )lanning the operation of any
hardware system, whether it be for a
space or terrestrial envi- >onment, it
is essential toidentify tbe factors/
influences which can have a

1.3.1
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significant effect on mission success.
When adverse conditions are ideati-
fied, itis necessary toprovide a
means of compensating for them.
Thus, some form of contingencypro-
tection must be made available.

The mission planner has four (4)
basic optionsinthe selectionof a con-
tingency protection approach which
will assure the required degree of
operational availability. They are:

® To overdesign the mission hard-
ware systerns

® To incorporate redundancy in the
mission hardware systems

® Toaccept some degree of degrad-
ed performance

® To provide an In-Flight Mainte-
nance (IFM) capability

These options are interrelated and
one approach need not be pursued to
the exclusion of the other three. Ia
most cases a decision will be made
to employ a mixture of all four (4),
depending on technology level (state-
of-the-art), system design complex-
ity, mission duration, reliability cri-
teria, crew safety, etc.

It has been theorized that IFM is
not required because of thehigh reli-
ability and system redundancy which
will be incorporated in space stations
and spacecraft. This might be true
when considering short term space-
craft such as Mercury and Gemini;
however, when dealing with manned
spaceflight, thatismeasuredin terms
of months and years, the inescapable
fact remains that equipment does fail
and the probability of human error
does exist. Therefore, logical and
sound judgement must be exercised to
strike a balance between two (2) phi-
losophical extremes - optimism and
pessimism. The balance point be-
tween these extremes is realism.

This paper will discuss the devel-
opment and implementation of the most
realistic approach to contingency pro-

1.3.2

tection fcr long term manned space-
flight missions - an IFM capability.
Simply uefined, IFM consists of all
actions necessary for retaining an
equipment item in or restoring it to
a specified condition during manned
spaceflight missions.

In-Flight Maintenance is a part of
an integrated Space-Terrestrial
Logistics (STL) System. Figure 1
shows the interface and interdepend-
ancy of IFM with the other elements
of that system Heretofore, the con-
ventional support methods have been
feasible, largely due tothe shortdura-
tion of current orbital flights. How-
ever, with increased emphasis being
placed on manned orbital missions of
extended duration and on preparation
for earth-lunar missions, it is nec-
essary to plan the development of a
system capable of supporting these
operations. The criticality of earth -
orbital, lunar, and interplanetary
operations, in terms of crew safety,
support response times, allowable
downtimes of flight hardware, etc.,
together with the requirement for a
precision interface between space and
terrestrial logistics furnctions, make
it mandatory that an effective
STL system plan be developed
and implemented.

Past experience has also shown
that effective support doe. not just
happen; it is the result of a reitera-
tive planning process. /in IFM capa-
tility must be planned, tested, evalu-
ated, and replanned through many
iterations before a satisfactory capa-
bility will emerge. Therefore, ..is
logical to assume that an IFM capa-
bility will be developed as an evolu-
tionary process. The initial capability
will be relatively simple; however, as
empirical data is accumulated, the
scope anddepth of IFM technology will
be increased.

A number of space maintenance
(IFM) studies hav: been conducted in
conjunction with the prototype
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FIG 1 - THE SPACE-TERRESTRIAL LOGISTICS PLAN

development and testing of a variety
Oo. space mainterance tools. These
efforts have generally; produced good
results; however, they have beenfrac-
tionated 2nd have not provided for the
development of anintegrated IFM
technology and capability which con-
siders the total spectrum of manned
spaceflight missions. Although some
missions may not require every ‘facet
of an integrated IFM capability, the
IFM capahility should not be fraction-
ated untilit first has beenanalyzed and
defined as a complete entity. The
development sequence for an inte-
grated IFM technology and capability
is shown in Figure 2.

Early in the development of any
support function, existing capabili-
ties should be examinzd to determine
whether they ~an be used "as is, ' if
they can or should be mcdified, and
lastly, if a complete n:w capability is

required. All too often an attempt is
made to ''reinvent the wheel' instead
of using the technology and other sup-
port resources thatare alreadyavail-
able and capable of fulfiiling support
requirements. Therefore, new capa-
bilities should be acquired through an
evolutionary process which provides
testing and evaluation milestones that
progressively measure the effeztive-
ness of the development approach.
Figure 3 shows the analytical path fol-
lowed to determine the initial scope
of the development eifort.

The approach taken, in this paper,
for theacquisition of a space mai-te-
nance capability is unique in that it:

¢ Considers the total spectrum of
manned spaceflight missioa

® Provides for the development and
implementation of an integrated
1FM technology and capalbility.

3.3
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® Employs modular techniques for
mission-oriented IFM concepts.

® Combines simplicity and sound
judgement -ith sophistication and
automation.

e Integrates with an STL Plan.

The remaining text of this paper is
arranged as follows:

e IFM Demands

e IFM Concepts

® .FM Requirements
® Policies and Plans
® Conclusions

® References

GUIDELINES

The number and complexity of tasks
wuvolved in the development and imple-
mentation of an IFM capability make
it nececsary to first establish the
scope and depth of IFM. The follow-

[.3.4
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- DEVELOPMENT OF AN IFM TECHNOLOGY AND CAPABILITY

ing guidelines are realistic, and pro-
vide a frame of referenceor parame-
ters wherein the ensuing discussion
is presented.

® A requirement either does or will
exist for short term, extended
duration, and long term manned
spaceflight.

® Crew safetyisaprimeconsidera-
tion in all phases of development
and implementation of an IFM
capability.

® Maximum use must be made of
the technologies and materials
‘which presently exist.

® An II'M capability will be devr™-
oped to bridge the gap between
required and achieved system
reliability.

® The development of an IFM capa-
bility requires an integrated
effort of the Design, Rel:.ability,
Maintainability, Human Factors,

*
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oi the mission planning process. developmeni process utilized

® A Zero-Gravity environment is in their acquisition.

|
F

assumed for all IFM actions dis-
cussed in this paper.

® For purposes of this paper all
maintenance performecd during
lunar landing and lunar explora-
tion missions, and during inter-

To establish the interdependancy
of IFM, Hardware Design, Reli-
ability, Maintainability, Crew
Safety, Human Factors, and
Logistics: and how this integra-
tion of engineering disciplines

At raas e m—

relates to mission su~cess.

i 1 vt At - ¥ a RS

planetary landing and exploration
missions is initially considered

IFM. IFM DEMANDS

The first step in the development
of an integrated I:'M capability is the 5
definition of mission objectives which §
create certain IFM demands. These o

OBJECTIVES

Tl:e objectives of this paper are:

©® To present a realistic and com- demands are mission-peculiar (MP) g
prehensive approack to in-Flight and result from a variety of space o
i.3.5 , '
! =

: - e
H
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station/spacecraft mission opera-
tions. The MP demands, in turn,
create maintenance resource (MR)
demands. IFM demands possess the
following characteristics:

® Type or Kind
® Magnitude

® Frequency

® Location

A more detailed breakdown of the
demand characteristics is shown in
Figure 4.

Mission-Peculiar Demands

MP demands are generated by the
operation of the following vehicle
systems:

® Manned Space Stations
o Manned Spacecraft

® Unmanned Space
Spacecraft

Stations/

These demands are functicnally
divided as follows:

® Space Station/Spacecraft Pri-
mary Flight System (i. e., Struc-
ture, Guidance and Control,
Propulsion, etc.)

® Environmental Tontrol and Life
Support (EC/LS) Systems

@ Scientific and Biomedical
Experiments

e IFFM Technology Experiments

A summary of mission-peculiar
demands is shown in Figure 5.

The generation of mission-peculiar
demands for IFM has been presented
in general terms of vehicle system
operation. More specifically, these

MISSION OBJECTIVES

I TYPE I

MAGNITUDE FREQUENCY LOCATION
- CREV NUMBER OF SYSTEMS PREVENTIVE MAINTENANCE DISTANCE
® AVAILABILITY » ORBITAL o SHORT TERM L
CAPABILITY ® LUNAR © LONG TERM & INTERPLANETARY
SIZE -| 1o INTERPLANETARY ® CONTINUOUS o TRANSPORTATION
@ PACKAGING
M surporT EQuiPMENT | H SIZE OF SYSTEMS | CORRECTIVE MAINTENANCE
L ENVIRONMENT
® TOOLS AND TEST EQUIPMENT] SMALL —
JOMAINTENANCE AIDS MEDIUM ® RESTORE SYSTEMS . lzvv:
OHANDLING s LARGE AFTER FAILURE TRANSPORTATION
OLIFE SUPPORY ° A
@ PACKAGING
MATERIAL SYSTEM LIFE = RESPONSIVENESS -
S SPARES ‘4 NUMBER OF LOCATIONS
@ REPAIR KITS/PARTS [® SHORT TERM @ QUICK REACTION
© CONSUMABLES o LONG TERM ® LONG LEAD TIME SINGLE
® BULK ITENS REUSEABILITY l® MULTIPLE
H  TeamoLocy Ly ussion DURATION
PROCEDURES o SHORT TERM
TECHWIQUES EXTENDED CURATION
@ SAFETY LONG TERM

FiG. 4. - IFM DEMANDS
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M!SSION OBJECTIVES

1FM

DEMANDS
UNMANNED
MANNED MANNED s/
SPACE STATIONS SPACECRAFT SP:',CECSET‘:ART‘:g!r‘

® EARTH ORBITAL
(SHORT TERM)

© EARTH ORBITAL

® EARTH ORBITAL
{LONG TERM)
© LUNAR ORBITAL

(EXTENDED DURATION)

EARTH ORBITAL
CREW DELIVERY
CARGO DELIVERY
RESCUE MISSION
CREW AND CARGO

LUNAR LANDING

LUNAR LANDING AND

EXPLORATION

INTERPLANETARY

FLY-BY

INTERPLANETARY

LANDING AND

EXPLORATION
ESCAPE CAPSULE/
MODULE

@& RESCUE STATIONS
© ASTRONOMICAL
OBSERVATORIES
© COMMUNICATIONS
SATELLITES
® CARGO DELIVERY
©® DEFENSE MISSIONS
® HOSTILE SATELLITES
(INSPECTION-
NEUTRALIZATION-
DESTRUCTION)
® LABORATORIES
® ORBITAL STORAGE
AND TRANSFER
STATIONS

FIG. 5. - SUMMARY OF MISSION-PECULIAR IFM DEMAND GENERATORS

demands are caused by one or more
of the following conditions:

® Random Failure

® Damage (Human or Environ-
mental Induced)

® Wearout

® Resource Consumption (Normal
and Emergency)

Maintenance Resource Demands

Having identified the mission
demands, the next step is to identify
the resource dernands and to deter-
mine how they will be applied. Main-
tenance resources consist of technol-
ogy, people, material, and services
whichareapplied individually and col-
lectively to the right place, at the
right time, in the required amounts
and in an operable condition. These
resources possess a variety of char-
acteristics thatmaterially affect their

application. Examples of these char-
acteristics or qualities include
whether the resource, being consid-
ered, is:

Capable of meeting the demand
Dependable
Available
Consumable
Expendable
Restorable
Reuseable
Modifiable
Storable
Multi-Utility
Transportable
Cost Effective

Translation of Demands

The means by which mission-
peculiar and resource demands are
tianslated into finite requirements,
and ultimately into mission-oriented

1.3.7
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IFM plans, are discussed in subse-
quent sections of this paper.

IFM CONCEPTS

Prior to the development of a speci-
fic suppoit capability, it is essential
to define (in asprecise terms as pos-
sible) the nature and structure of the
mission to be performed, together
with the factors and influences which
impact on such a mission, and the
hardware systems required for
its performance.

Mission Categories

Each mission will not require an
IFM capability of the same type and
magnitude; therefore, to provide the
required level of support, it isnec~s-

sary to establish mission categories
which possessa general commonality
of IFM demands and requiredtechnol-
ogy levels. The three (3) basic cate-
gories are:

® Earth-Orbital
® Earth-Lunar
® Interplanetary

Typical missions in each category
are shown in Figure 6.

Mission Durations

To provide a reference point, the
following mission durations have been
established. The earth-orbital mis-
sion durations are in general agree-
ment with current planning; however,
those in the earth-lunar and

MISSION OBJECTIVES

MISSION
CATEGORIES

|

_

® EARTH RESOURCES

EARTH-ORBITAL EARTH-LUNAR INTERPLANETARY
® SCIENTIFIC AND ® LUNAR ORBITAL ® FLY-BY MISSIONS
BIO MEDICAL
® LUNAR LANDING © LANDING AND
LASORATORIES AND EXPLORATION EXPLORATION

® LUNAR BASE AND

@ ASTRONOMICAL EXPLORATION
OBSERVATORIES © LUNAR BASE AND

©® COMMUNICATIONS DEVELOPMENT OF
SATELLITES LUNAR RESOURCES

©® RESCUE STATIONS © RESCUE MISSIONS

©® DEFENSE MISSIONS
© RESUPPLY MISSIONS
® CREW ROTATION

©® ORBITAL LAUNCH
OPERATIONS

FIG. 6. - SUMMARY OF MISSION CATFGORIES
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interplanetary categories are the
author's approximations.

® Earth-Orbital
Short Term:
Up to 3 months
Extended Duration:
3 months to 1 year
Long Term:
1 to 5 years
® Earth-Lunar
Lunar-Orbital:
TBD
Lunar Landing and Exploration:
Up to 3 months
Lunar Base and Exyploration:
3 months to 3 years
® Interplanetary
Fly-By Mission:
1 to 2 years
® Landing and Ex; loration:
TBD

Mission Effects Analysis

A myriad of decision factors have
either a direct or indirect effect on
IFM (see Figure 7), and must be ana-
lyzed to identify the nature and extent
of their impact. A mission effects
analysis is performed to make this
determination. The results of this
analysis provide input datatothe more
detailed process of developing a
mission-oriented IFM concept shown
in Figure 8. One of the most critical
mission effects occursin the develop-
ment of an IFM concept for inter-
planetary fly-by and landing/
exploration missions. The resupply
of these missions is not deemed fea-
sible, from either an earth or lunar
source, once the spacecraft has been
launched from earth or earth orbit.

CREW SIZE
AND ROTATION
FREQUENCY

RESUPPLY
REQUIREMENTS

SPACE STATION
OR SPACEC!AFT TECHNOLWY
LEVEL
RELIABILITY AND

MAINTAINABILITY
CRITERIA

DOCKING AND
IENDEZVOUS OPEIA'I’IQIS
CONCEPT

ﬂV<'<

T ANSF ER
MODES
ONBOARD
STORAGE

CAPABILITY

ELECT IICAL
SWRCE
ENVIRONMENTAL TYPE OF
PROPULSION

HAZARDS AND
CONSTRAINTS SYSTEM

.;~"’

"\

"x:;r.r

IIMNI G
REQUIREMENTS

HAKDIM E
R EMDMCV
MISSION
ODURATION

RESCUE AND
ESCAPE
COMMONALITY « CREW SAFETY
oF 1FM AND HUMAN
DEMANDS FACTORS
CHITERIA

FIG. 7. - IFM CONCEPT DECISION FACTORS
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EFFECT OF IFM ATIBILI
— ON MISSION = WITH MISSION
SUCCESS'CREW OPERATIONS | |
SAFETY CONCEPTS
DETERMINE DETERMINE THE
WHAT CAN BE MPACTONSYsTEw || |  ESTABLISHA
>  repLaceDorR [ ] DESIGN, RELIABILITY, CHOICE
REPAIRED AND MAINTAINABILITY
1FM CONCEPT
DECISION ‘
FACTORS
Dcm FAIL BUT TEST CONCEPT DETERMINE E“ ?:D e
ST C TECHNOLOGICAL RISK EVALUATE T
¢ =PI CANNOT BE REPLACED |- RATIONALE FOR 1™ LeVEL aND HOWIT [] FEASIBLE
bl SOUNDNESS CAN BE REDUCED IFu CONCEPTS
DEVELOP
MISSION f l
IFM CONCEPT
IDENTIFY AND ANALYZE
[ DEFINE | pEITABLIM | EFrectsor ] R
iy IFM CONCEPT REOUCING IFM APPROACH
CRITERIA CAPABIL, 7Y
y
IDENTIFY, EVALUATE,
DETERMINE THE . . IDENTIFY
a AND UTILIZE EXISTING ESTABLISH
M P14 REQUIREMENTS ] capasiinies 1 "eonsraante [ MISSION |FM
WHERE FEASIBLE CONCEPT
DETERMINE THE DETERMUINE IF
| ] 0P BaLance | [ o] ActERNATEIFPM ]
BETWEEN IFM APPROACHES ARE
AND REDUNDANCY FEASIBLE

FIG. 8. - MISSION IFM CONCEPT DEVELOPMENT

Therefore, all support capability for
these missions must be self-
contained, and the planning and pro-
visioning of 1- to 2- year missions,
without resupply, will require the ulti-
mate in effective logistics support.

Concept Rationale

The principal decision to be made
in the development of an IFM concept
is the relationship of IFM and hard-
ware system redundancy, and thepro-
portionate responsibility to be
assigned to each of these forms of
contingency protection. An optimum
balance between these two (2)
approaches is necessary to assure a
high probability of mission success.

Neither IFM nor redundancy can

do the job alone. For example, if a
life support system failure occurs, it

1.3.10

would be oflittle value topossess only
an IFM capability. The operation of
the life support system isan essential
maintenance resource, and without it,
the IFM capability would be reduced
to nil. Conversely, nothing man has
ever built is immune to failure and
human error. Furthermore, whenthe
redundant system fails, the remaining
system is reduced to inherent reli-
ability and should another failure
occur (and Murphy's Law usually
prevails), not only has the safety fac-
tor (provided byredundancy) been
removed, but now a critical system
is inoperative and mission
failure is imminent.

IFM and redunuancy are examples
of the two (2) philosophical extremes
mentioned in the introductory portion
of this paper. Redundancy, a form
of reliability, is at the optimistic end
of the mission reliability spectrum,
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and IFM is at the opposite or pessi-
mistic end. It is readily discernible
that both capabilities are required,
and the individual merits and limita-
tions of each must be analyzed and
weighed caretully to arriveat the bal-
ance point - realism.

The initial IFM capabilities will be
relatively simple, and will probably
be limited tothe removal and replace-
ment of certain modular equipment
items identified, during a failuremode
effectanalysis, as being flight critical
items. A certain degree of redun-
dancy will beprovided for these criti-
cal items; however, since redundancy
is not an absolute guarantee of crew
safety and missgion success, some
IFM capability mustzlso be provided.
A limited in-flight repair capability
will be required to augment the
removal and replacement capability.
These initial repair tasks will employ
repair kits containing bulk materials
to patch and seal leaks in cabin pres-
surization, food and waste manage-
ment areas, and to repair damage to
electrical wiring.

The performance of theseIFM
tasks will provide an important means
of enriching IFM technology with
empirical data which will provide a
more realistic baseline for extending
IFM capabilities to more demanding
applications. Extrapolation is more
effective than pure prediction; there-
fore, we must investigate the possi-
bility of using existing capabilities
and resources '"as is" or modifying
them before we attempt to develop a
totally new capability. For instance,
we can draw useful parallels from
"Polaris'" type nuclear submarine
missions. These''inner space' vehi-
cles havemuch in commonwith space
stations and spacecraft. Some of
these similarities are:

® The requirement for an EC/LS
system

¢ Environmental protection is
required for EVA.

® Spec:al tools are required for
EVA.

® Missions are of extended

duration.

Electrical power requirements

® Limited storage area available
for spares.

The principal differences between
these two (2) types of vehicles, from
a maintenance standpoint, is the
presence of normal gravity inthe sub-
marine and the availability of mainte-
nance specialists.

Abasic IFM concept will be devel-
oped for eachmission category. Each
oi these concepts will be modularly
constructed to facilitate incorporation
and blending of those elements of IFM
required to meet specific mission
demands within each category. This
approach provides an IFM capability
which is commensurate to the needs
of avariety of missions within a par-
ticular category. Furthermore, all
mission categories and missions
within each category are analyzed to
determine the type and degree of
commonality of missionIFM demands.

IFM Criteria

It would not be technically or eco-
nomically feasible toattempt to
establish an IFM capability which
would duplicate a terrestrial capabil-
ity. Therefore an order of ranking
must be established for all IFM
actions. This rankingis based on the
criticality of the vehicle system
failure/damage as follows:

® Failure/damage which has an
immediate or imminent effect on
crew safety

® Failure/damage which affects
vehicle performanceand abort
probability

® Failure/damage which would
result in degraded mission
performance

® Failure/damage which would
result only increating a nuisance

3.1
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Only the first three orders of cri-
ticality should be considered indevel-
oping an IFM capability.

Themajor vehicle systems
included in each order of ranking are
listed below.

Crew Safety Impact

Structure

Electrical Power

EC/LS

Escape Capability

Biomedical and Behavioral
Monitoring

Vehicle Performance/Abort
Probability

® Stabilization and Control
® Propulsion

® Navigation and Guidance
® Displays and Controls

¢ Communications

Degraded Mission Performance

® Instrumentation and Telemetry
e Experiments

The following criteria are recom-
mended for the performance of IFM:

® IFM actions must makea signifi-
cant contribution to: (1) improved
reliability, (2) crew safety, and
(3) mission success.

® Tasks must be simplified to
permit their satisfactory
accomplishment by crew mem-
bers with limited maini2nance
training and experience.

® IFM data, procedures, and tech-
niques must be developed to be
compatible with both the IFM
requirement and the maintenance
skill levels of the crew.

®Spares andrepair kits must
be readilyaccessible tocrew
members.

® Requireraentsfor special tools
and test equipment must be
minimized.

® Hardware systems should incor-
porate fail-safe features.

1.3.12

® AllIFMprocedures and tech-
niques must be inaccordance
with crew safety criteria.

® AllIFMproccedures and tech-
niques must satisfy human factors
criteria.

® Hardware systems must be
designed to facilitate rapid and
positive detection, isolation and
correction of in-flight failures
and damage.

® IFM performance times must be
equal or less than the maximum
allowable downtime for hardware
systems.

® All candidate IFM actions must
be evaluated in terms of techni-
cal and economic feasibility.

® IFM will primarily consist of
corrective maintenance actions.
Wherea requirement forpreven-
tivemaintenance is identified, the
preventive maintenancetasks
should be performed in conjunc-
tion with normal mission opera-
tions functions.

IFM Modes

All IFM actions are performedby
utilizing one (1) or more of the follow-
ing four (4) IFM modes:

® Remove-Replace-Discard
® Repair Without Removal
® Remove-Replace-Repair
® Remove-Repair-Replace

These modes, individually and in
combination, form the basis for
structuring all IFM tasks. The appli-
cation of thesemodes to the hardware
systems generation breakdown is
shown in Figure 9. The decision to
use a particular mode has a definite
effect on the requirements for speci-
fic maintenance recsources (i.e.,
Spares, Repair Kits, IFM Procedures
and Techniques, IFM Times, etc.).

IFM Technology

An IFM capability isacompos-
iteand complex structure which
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GENERATION REPLACE. WITHOUT REPLACE. REPAIR.
BREAKDOWN DISCARD REMOVAL REPAIR REPLACE
SYSTEM(GENERAL) X
SYSTEM(SPECIFIC) X
SET X
GROUP X X X
UNIT X X X X
ASSEMBLY X X X
SUBASSEMBLY X X X
PART X X X
FIG. 9. - TYPICAL APPLICATION OF IFM MODES

incorporatesinformation and criteria
from many engineering disciplines.
The impact of IFM on the following
disciplines, together with their need
to interact with each other, make it
both necessary and advantageous to
accumulate and integrate all areas of
IFM information and experience into
one formalized technology.

® System Saifety

® Hardware Design
® Reliability

® Maintainability

® Human Factors

® Logistics

It is important that, once devel-
oped, theinitial IFM capability be suf-
ficiently flexible to permit its exten-
sion to more demanding applications
in support of future manned space-
flight missions. The development of
a technology relating specifically to

IFM will provide a more realistic
IFM baseline for new missions and
programs by tempering theory and
predictions withactual experience. A
typical development flow for IFM tech-
nology is shown in Figure 10.

IFM REQUIREMENTS

IFM requirements are the specific
needs for support resources based on
the identification of IFM demands and
the development of mission-peculiar
IFM concepts. Therequirements are
identified and quantified as the result
of performing an IFM requirements
analysis. The outputsof thisanalysis
form the basis for the development
and allocation of resources, which are
applied individually and in combina-
tion to produce an effective IFM capa-
bility. The large variety of manned
spaceflight missions, together with

1.3.13
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CAPABILITY | IFM SCIENTIFIC AND VERIFY/REVISE VERIFY/REVISE
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I 1 DATA |
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DISCIPLINES OBJECTIVES
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FIG. 10. - IFM TECHNOLOGY DEVELOPMENT

themany uncertaintie s ofmanned
missions in the space environment,
make the establishment and fulfillment
of these requirements a very complex
task. To further emphasize the mag-
nitude of this effort, the primary out-
puts of the requirements analysis and
the major elements of each are pre-
sented in subsequent discussions.
The analytical pattern for determin-
ing these requirements is shown in
Figure 11. The requirements deter-
mination starts with an analysis of
vehicle systems that results in a
detailed definition of 1FM tasks, which
were initially defined, in grossterms,
during the conceptdevelopment phase.
This definition initiates the identifi-
cation, determination, and develop-
m:nt of a variety of resources pre-
sented in the following paragraphs.
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IFM Modes and Environment

A decision ismade with respect to
utilization of one or more of the fol-
lowing modes, and the applicable
environment is identified:

® Remove-Replace-Discard
® Repair Without Removal
e Remove-Replace-Repair
e Remove-Repair-Replace
e IVA

® EVA

Maintenance Category

There are two (2) basic categories
of IFM - Preventive and Corrective.
Although primary emphasis will be
placed on corrective maintenance;
where a requirement ior preventive
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REQUIREMENTS REQUIREMENTS
DATA

FIG. 11. - DETERMINATION OF IFM REQUIREMENTS

maintenance is identified, it will be
integrated with routine mission tasks.
Examples of tynical preventive main-
tenance tasks include:

® Removal and replacement of
limite 1 sife items

® Inspection

® Servicing

e Calibration

® Periodic vehicle systems GO-NO

® Crew time available for mainte-
nance tasks

® Safe allowable time for mainte-
nance tasks

Material Support

The foliowing considerations are
aralyzed and resultant requirements
are identified.

; GO checks ® Spares and repair kits/parts,
. consumable items, bulk items,
X IFM Time Considerations IEC/LS supplies, vehicle propel-
: ants, pressurants, and routine
£ operating supplies

g Four types of IFM times are iden- ® Quantities of material support
i tified and determined. items required

i ® Frequency of requirements based
g ® Elapsedtime required toperform on failure rates, damage proba-

preventive or corrective mainte-
nance tasks.

¢ Frequency of requirement for
IFM tasks

bility, wearout, and shelf life in
a space environment

® Weight, volume, and mass
constraints
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® Economic tradeoffs of replace/
repair versus throw-away items

o Onboard storage capacity

o Effect of onboard storage capacity
on resupply requirements

® Environmental sensitivity of sup-
port item

e Packaging protection

e Compatibility of packaging pro-
tection with existing packaging
technology

Support Equipment

The following criteria has been
2stablished for support equipment
requirements:

e Eliminate support equipment
requirements, wherever feasi-
ble, by designing the function or
capability intothe vehicle sys-
tems e~upment.

¢ Utilize existing equipment wher-
ever technically feasible.

® Modify existing equipment wher-
ever technically and economr “cally
feasible.

® Establish new equipment require-
ments only where required, and
no capability presently exists.

Examples of support equipment
requirements include:

® Cargo Transfer Equipment -
Arms, booms, tethers, convey-
ors, intervehicle collapsible and
extendible tunnels, pumps, fuel,
propellant, pressurant discon-
nects, etc, |

Astronaut maneuvering units,
hand held propulsion devices, jet
shoes, tethers, etc.

® Life Support Equipment - Space-
suits, portabie life support sys-
tems, radiation detection
devices, etc.

e Mobile Power Units for EVA
maintenance, orbital assembly
and checkout of space stations and
interplanetary spacecraft; strap-
on propulsion devices for use in

1.3.16

e EVA Maneuvering Equipment -

case of retrorocket failure,
de-orbit of -waste materials and
space junk and for emergency
maneuvering

IFM Tools - The requirements
incliude: zero-reaction tools,
multipurpose tools, welders,
minimum torque and internal
wrenching tools, and tools for use
with nuclear devices
Mairtenance Aids and Devices -
IFM requirements include: per-
sonnel and equipment restraints,
portable lighting equipment, vis-
ual reference indices, portable
radiation shields for use while
performing IFM on nuclear
devices, and electrical recharge
devices fo IFM tool power packs
Handling Equipment - The
requirements are limited to that
equipment necessary for holding
or maneuvering supplies and
vehicle system equipment.
Special Purpose Vehicles -
Maintenance shuttles and orbital
tugs

Diagnostic, Checkout and Moni-
toring Equipment - Requirements
for this equipment are analyzed
to determiue: (1) optimurn mode
of operaticn (automated, semi-
automated or manual), (2) system
level to which equipment should
function, (3) types of audio and
visual signals and displays
required, and (4) should this
equipment be incorporated into
vehicle systems hardware.
Calibration Standards - Require-
ments for standards are analyzed
to determine: (1) types required,
(2) transportability, (3) environ-
mental protection require-
meut, and (4) certification
requirements

Orbital Repair/Escape Decision
System - This system provides
a rapid means of determining (in
gross terms) if sufficient timie is
available to repair a malfunction
in a critical system or should the
crew evacuate to another part of
the space station or evacuate the
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space station to the escape
module (logistics spacecraft
docked at the station). The sys-
tern would utilize sensors for
heat, pressure, atmospheric
contamination and nuclear build-
up, and would operate as a func-
tion cf rate of change or threshold.
Programming wilil be developed
to provide a repair or escape
decision based on the severity of
the input from the sensors, and
would terminate in audio signals
and flashing visual displays.

Facilities

The facilities requirements deal
principally withtwo (2) considerations:

® Onboard storage capability for
material support and support
equipment items

®@ Areas for performance of IFM
repair tasks

Procedures and Techniques

TFM tasks are performed by fol-
lowing an action sequence which gen-
erally consists of three (3) steps for
preventive maintenance andfive (5) for
corrective maintenance. Procedures
and techniques are required for the
following sequential actions:

® Detect and Isolate Failure

® Determine Maintenance Action

® Prepare for Maintenance (Pre-
ventive and Corrective)

® Perform Maintenance (Preven-
tive and Corrective)

® Perform Post-Maintenance
Checkout (Preventive and
Corrective)

A typical IFM cycle is shown in
Figure 12.

It is recognized that maintenance
functions are more critical in a space
environment in terms of tolerable sys-
tem downtimes, availability of crew
members for maintenance tasks, the

ability to perform these tasks in a
weightless condition, and in some
instances while wearing a spacesuit.
However, as in the case of aircraft
maintenz.uce in arctic areas, and that
of undersea maintenanc: operations,
these cbstacles can be overconle
throughthe development of prccedures
and techniques, together with train-
ing and experience.

Proc~dures and techniques will be
developed to permit crewmembers to
perform the necessary IFM tasks. The
means of implementation include the
following:

e Fault detection and isolation

® Recognition of hazards and haz-
ardous conditions

® Use of tools, maintenance aids,
and other support equipment

® Control of tools and spares/
repair kits dur.~g maintenance
actions

® Economy of motion and energy
while performing maintenance
tasks

® Motion and force translation

® Removal and replacement actions

® Repair actions

® Post-maintenance verification of
vehicle systems status

A variety of maintenance action
functions are involved in the perform-
ance of IFM. Owver 100 of these
potential functions areshownin
Table 1. Initially, both the mainte-
nance tasks and the required proce-
dures and techniques will be relatively
simple. However, as we proceed
from earth-orbital missions to earth-
lunar missions, and ultimately to the
interplanetary category, the mission
durations will increase anu so will the
complexity of vehicle systems equip-
ment. This trend to longer missions
will place more exacting demands on
the time and skills of the crew mem-
bers to achieve and maintain a high
probability of mission success. In
the case of interplanetary missions,
the point-of-no-return or abort limit
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FIG. 12. - IFM ACTION SEQUENCE

will be only a short period of time
after departing earth-orbit. There-
fore, since no resupply capability will
be feasible for these missions, after
leaving earth-orbit, all support capa-
bilities will, of necessity, be self-
contained. This situation. creates a
clear-cut requirement to develop and
implement IFM procedures and tech-
niques which maximize the crew
member's IFM capability and mini-
mize his limitations. This subject :is
discussed further in the Personnel
Systems paragraph.

Technical Information

The volumetric limitations of a
space station or spacecraft combined
with a weightless environment, make
it necessary to depart from the con-
ventional terrestrial formats of tech-
nical information for support of

1.3.18

manned space flightmissions. A pri-
mary and secondary in-flight system
for providing technizal information
are recommended. The primary sys-
tern will consist of a micro-viewer
supported by an onboardfile of micro-
film chips or tape. The secondary
system will consist of television-audio
equipment. Both systems w-uld pro-
vide in-flight operations and mainte-
nance procedures augmented by
semiconventional checklistsfor
cperations, maintenance, and emer-
gency procedures.

The following factors are con-
sidered in the development of an
in-flight technical information sys-
tem capability:

® Type of in-flight information
required (e.g., Procedures,
Schematics, Reference Tables,
etc.)

-’.'__V_....._...’...._.W.. -
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ACTUATE DEVISE HANG ORIENT REMOYE STOW
ADJUST DISASSEMBLE HOLD OYERHAUL RENOVATE STRIP
ALIGN DISCONNECT INITIATE PACKAGE REPAIR SYNCHRONIZE
APPLY DISMANTLE INJECT PATCH REPLACE TAG
ASSEMBLE DISPOSE INSPECT PIERCE REPLENISH TEST
ATTACH DRILL INSTALL PLACE RESTORE THREAD
BOLY ENGAGE ISOLATE POSITION REWORK TIGHTEN
CALIBRATE ENTER JOIR POUND RIVET TORQUE
CHANGE ERECT LEVEL PREPARE ROTATE TRANSPORT
CHECK EXAMINE LOCATE PRESET SALVAGE TRIM
CLAMP FABRICATE LOOSEN PROBE SEAL TROUBLESHOOT
CLEAN FASTEN LUBRICATE PROCESS SCREY TUNE
CONNECT FILE MATE PUNCTURE SECURE TURN
CONSTRUCT FORM MEASURE PUSH SERVICE ™ST
CONTROL GLUE MODIFY PULL SET UNBOLT
COVER GRASP MOUNT REASSEMBLE SETUP UNCOVER
=1} GUIDE MOVE RECONDITION SOLDER WELD
DEVACH HAMMER NEUTRALIZE RECORD STIMULATE ZERO
DESTROY HANDLE OPERATE REGULATE STORE

TABLE 1. TYPICAL MAINTENANCE ACTION FUNCTIONS

® Type of display format

@ Type of primary system
equipment

® Automation requirement for pri-
mary system

® Functional independence of pri-
mary system (with the exception
of updating)

® Means by which primary system
can be kept current

® Source of in-flight technical
information

® Data size reduction techniques
required and available
Feasibility of using conventional
checklists

® Typeof secondary or backup sys-
tem required
Method of cataloging, storing,
and retrieving information

e EVA information requirements

e EVA information system equip-
ment requirements

® Support requirements for pri-
mary and secondary system

The constant change in 21l technol-
ogies made it essential that the
technical information systems be
developed with a built-in flexibility to
permit rapid and efficient response
to changes in missions and vehicle
systems equipment.

Personnel Systems

Personnel systems have been
called "the configuration management
of people,' and it is through these
systems that man is analyzed as a
resource, his capabilitiesare defined
and utilized, and his limitations are
identified and compensated for, either
by training or the substitution of
automated machine functions. The

1.3.19
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introduction of man into the loop
of space flight operations provides a
decision making capability with
greater flexibility than that possessed
by inanimate systems, coupled with
the ability to relate decisions to mis-
sion success.

Aftermission objectives are
defined and an optimal sequence of
events is established, a task/
equipment analysis (TEA) of the oper-
ational requirements, system func-
tions, performance standards, and
operations and maintenance concepts
is conducted. This analysis defines
the man/machine interface, and is the
basis for assigning each task to either
man or systems equipment, depend-
ing on which possesses the greater
performance capability and practi-
cality. ‘Those automated functions,
which affect crew safety, will be fur-
ther analyzed to determine the feasi-
bility ofincorporating a manual
override feature and compiete inde-
pendence from ground control.

Once the operations and maintenance
tasks have been defined, they are
time-oriented in terms of sequence,
duration, and frequency by perform-
ing a time line analysis. This analy-
sis results in the identification of
problem areas in time-phasing and
allocation for operations and r: ainte-
nance functions. Theseproblemareas
are subjected to further analysis, and
necessary tradeoffs are made.

Examples of thefactors considered
during these analyses are:

® What tasks must be performed
and why?

® What are man's abilities to
perform mission tasksand how
are they constrained with
respect to his role in the space
environment?

® What are the performance
standards, and how are they
measured?

1.3.20

® What are the man/machine rela-
tionships, and how do they relate
to mission success?

® What are the operations and
maintenance concepts, and what
influences are considered during
their development?

® What are the requirements for
assigning crew members multi-
task responsibilities?

A detailed analysis of personnel
requirements (e.g., Qualitative and
Quantitative Personne! Requirements
Information-QQPRIJ) ics performed
which identifies the types, levels,
quantities, and performance stan-
dards for skills which are necessary
to accomplish the tasks defined in
the TEA. In addition to skill infor-
mation, the personnel requirements
analysis provides a basis for manning
recommendations for user operations
and support organizations. These
recommendations include need dates,
user locations, work loads, and
work shifts.

Effective job performance
in a weightless environment for
extended periods of time depends on
acrewmember possessing the fol-
lowing capabilities, characteristics,
and tolerances:

® Technical capability in his duty
assignment

® Motor capabilities and anthropo-
metric characteristics which are
compatible with the operating
envir anment.

® Physiological and psychological
characteristics and tolerances
which are compatible with the
mission requirements and the
operating environment.

In-flight operating techniques are
developed to enable crewmembers to
perform their assigned duties effec-
tively. The capabilities, listed above,
apply to both IVA and EVA; however,
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EVA imposes the following additional
constraints on job performance:

@ Reduced motor capabilities and
greater susceptibility to fatigue
caused by wearing a space suit

® Degradation of visual reference

® Criticality of illumination

® Reduced accessibility of equip-
ment while wearing a space suit

® Increased radiation hazard

Training requirements are deter-
mined by comparing existing skills
with those required by the mission
tasks defined by the TEA. After the
requirements are established, it is
necessary todevelop a means by which
they can be satisfied. The personnel
training function is analyzed and
evaluated so that an equitable approach
can be established. Examples of the
factors considered during these analy-
ses are:

e The prerequisites for crew mem-
bers, and the means by which they
are determined (e.g., present
skills, educational background,
physical condition, age, emo-
tional stability, character, lead-
ership qualities, etc.)

e The personnel sourceswhich are
available (e.g., military and
naval services, industry, col-
leges and universities, etc.).

® Means by whichthe personnel
sources can be expanded (e.g.,
new curriculum for high schools,
colleges and universities, etc.).

® The estimated rate of attrition
for mission operations.

eDetermination of screening
methods which should be estab-
lished for the selection of crew
members.

® The training evaluation methods
and procedures which are
required.

e Training cour se requirements
(e.g., basic courses for new job
classification, crew training,
proficiency retention, upgrading,
in-flight operating techniques for
crew members, etc.).

® Training aids and equipment
requirements (e. g., dynamic and
static mockups, simulators,
films, etc.).

e The effectthe total training effort
hason IFM, human factors, vehi-
cle design, reliability, maintain-
ability, and systems safety.

The personnel systems must be
tested and evaluated on the samebasis
as any other resource. The intro-
duction of man into the loop of space
missions provides many distinct and
unique advantages; however, in
evaluating his effectiveness with
respect to IFM, man must only be
considered as a resource. The mar-
gin by which man's abilities outweigh
his limitations will be the measure of
his contribution to mission success.

Integration and Allocation of
Resources

After the determination, identifi-
cation, and development of IFM
resources has been analyzed, it is
necessary to integrate and allocate
the required resources. The
methodology by which this action takes
placerequiresthe use of several ana-
lytical tools which include:

Simulation Models

® Cost Models

® Systems Analysis Techniques

® Judgement in Recommendations

In recent years, there has been
an increasing tendency to over-
sophisticateanalytical techniques.
Thisis a naturaloccurrence dueto the
increasing complexity of vehicle sys-
tems; however, like any tool, each
has its capabilities and limitations
which must govern its use. Some
systems analysts seem to have over-
looked the fact that while computer
program models provide a rapid
means of handling large volumes of
data, a thorough understanding of the
problem by the analyst, coupled with
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the ability todefine input requirements
inpreciseterms, areessentialinpro-
ducing a valid and effective output.

Little IFM experience in an actual
space environmentis available; there-
fore, it is necessary to synthesize or
simulate '"‘real world" conditions.
Systems synthesis is both an art and
a science. The art is selecting the
combinations to be studied, and estab-
lishing the criteria by which final
system decisions can be made. The
scienceliesindemonstrating, by
analysis, thephysicalrealizability
and detailed characteristics of selec-
ted combinations of subsystems, and
in this case, IFM resources. In ikis
analytical process, the tool of judge-
ment in recommendations should
receive the most weight.

The prime purpose of this paper
is to recommerd an approach to

achieving an IFM capability which is
realistic, effective, and economically
feasibie. Broadly, the eclements
involved in this analysis include sys-
tem restraints, decision factors,
ranking, evaluating, grading, and
selecting. All of these factors are
analyzed statically, as shown in
Figure 13, and then dynamically with
respect to customer goals and cost
effectiveness to answer such ques-
tions as:

What should an IFM capability
consist of?

When should it be initiated?
What should the schedule be?
What funding level is suitable?
What development and testing
policy should be followed in order
to meet JFM requirements at the
least cost?

SYSTEM DECISION
R BAMTS FACTORS RANKING EVALUATING GRADING
OPERATIONS COMMOMALITY
LogisTics — ‘ﬁtﬁif&'{'.‘r'v" ] ADAPTABILITY Erggmn
PROGRAM CRITERIA vERmnYY
MISSION PRIORITY
::::';‘g@’#';"&‘: MAINTAINABILITY
LTY — RELIABILITY AVAILABILITY F
COMMONAL' LEAD TIME
COMPATABILITY BUDGET cost
TIME PERIOD EFFECTIVITY
CRITICAL TECHNOLOGY | TUTILIZATION
AVAILABILITY EFFECTIVITY — eFFECTIVITY |
SCHEDULE [ YIELD
MISSION EMPHASIS
CONTINGENCIES CONFIDENCE LEVEL DEVELOPMENT | | DAL TICAL
BUDGET OPTIONS CRITICAL TECHNOLOGY RISK TOLERANCE
EVOLUTIONARY DEMAND
MISSION TIME
MISSION FLEXIBILITY - GR;:::‘:’WOT ENCTEI AL L—1 cAPABILITY ||
ASSUMPTIONS
VERSATILITY SELECTIVITY
STANDARDIZATION DEVELOPMENT ALIGNMENT
PROGRAM TO GOALS
PROGRAM OBJECTIVES 1 opEraTIaNAL CoST
TECHNOLOGY EVOLUTION MANUF ACTURING
“‘“"‘",E ::ms
PROGRAM SCOPE —
SCHEDULE -
DATA ACQUISITION | oreravaLamiuity | | PROCRAM FISCAL
LOGISTICS/SC CONCEPTS OPER MISSION TIME AVAILABILITY BUDGETING
PERSONNEL/SC CONCEPTS TIME PERIOD REQUIREMENTS
EMERGENCIES 3 T

FIG. 13.
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® What equipments should be devel-
oped ~r improved, and in what
sequence to obtain the greatest
capability in the least possible
time?

The final analytical step in the
development of an effective IFM capa-
bility is the definition of an analytical
confidence tolerance. This tolerance
will determine the sensitivities of IFM
so that any selectivity may be con-
fidently aligned with space program
objectives. It is apparent that if the
approach, presented herein, were
considered unity or the total sum of
related parts, the primary resolve of
this analysis is to determine: (1) the
cost of less than unity, and (2) the
savings that would result from such
a reduction. Since an integrated IFM
capability will probably remain on an
experimental basis for some time to
come, it is necessary to determine.
the minimum degree of IFM which is
satisfactory, the least patih develop-
ment requirements tomake the transi-
tion from experimental to operational
status, and to whatdegree unity
is required.

POLICIES AND PLANS

The final phase in the acquisition
of an IFM capability consists of estab-
lishing the necessary IFM policies
that will govern the performance of
all IFM actions, and the development
and preparation of plans which pro-
vide for policy implementation.

IFM Policies

To achieve a logical progression
towards a common objective - mission
success, it is necessary to standard-
ize performance methods, and thereby
create a baseline for measuring the
effectiveness of the approach being
taken. The establishment of IFM poli-
cies, which are technically and

economically feasible, produce the

following results:

e Uniformity in IFM actions which
permit the accumulation of
meaningful empirical data.

? System downtime w1ill be
minimized bv providing crew
members with predetermined
maintenance modes for system
failures or damage.

® Improves cost effectiveness

e Minimizes expenditure of
resources

e Maintains crew safety

o Provides the most efiective utili-
zation of the crewmember in his
role as a maintenance man.

e Minimizes human error during
the performance of 1IFM tasks

® Provides an effective interface
with IFM - related technologies
and disciplines

®¢ Maximizes the contribution of
IFM to mission success

IFM Plans

There are three (3) evolutionary
phases through which a new capability
must pass before becoming 2 reality.
To assure an orderly progression, a
plan is prepared for each of the fol-
lowing phases:

® Development
® Test and Evaluation
¢ Implementation

Each plan should contribute to the
development of an overall IFM tech-
nology and an integrated IFM capa-
bility. They should be sufficiently
flexible to respond to changes in mis-
sion requirements and vehicle system
hardware without major perturba-
tions. Furthermore, IFM plans must
always be directed towards improving
vehicle system reliability and the
probability of mission success. A
surnmary of plan objectives is shown
in Figure 14.
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IFM POLICIES

1FM
PLAN
OBJECTIVES

DEVELOPMENT OF
IFM CAPABILITY

TEST IFM PROCEDURES/
TECHNIQUES AND RESOURCES

IMPLEMENT IFM
CAPABILITY

® IDENTIFY DEMANDS

© DEVELOP AND ESTABLISH
CONCEPTS

® ONE G NORMAL
ATMOSPHERE TESTS

® ONE G VACUUM
ATMOSPHERE TESTS

@ EARTH ORBITAL MISSIONS
® EARTH LUNAR MISSIONS
©® INTERPLANETARY MISSIONS

® DEVELOP AND ESTABLISH
REQUIREMENTS ® SIMULATED ZERO G
NEUTRAL BUOYANCY
© DEVELOP POLICIES TESTS

© SHORT TERM ZERO G
AIRCRAFT TESTS

©® IFM TESTS DURING
ACTUAL SPACE STATION AND
SPACECRAFT MISSIONS

©® VERIFY/REVISE POLICIES

©® IMPLEMENT POLICIES

FIG. 14. - A SUMMARY OF IFM PLAN OBJECTIVES

Finally, it is important to remem-
ber that although system redurdancy
and a high degree of reliability will
be incorporated in space stations and
spacecraft, human error and equip-
ment failures will occur. We have
little experience in the actual space
environment; yet, an IFM capability
must be develoned which will be
responsive to mission needs in an
environment more hostile to man and
equipment than has been previously
experienced. IFM planning poses a
tremendous challenge to the mission
support planners oi industry, NASA,
and the Department of Defense. The
effectiveness with which this chal-
lenge is met will, to a large degree,
determine the feasibility of long term
manned spaceflight.
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CONCLUSIONS

Perhaps the most compelling rea-
son to develop an IFM capability is
the historical fact that a constant
demand for vehicie maintenance has
existed tor well over 2, 000 years, and
it is notlogical to assume thatwe are
now immune from human error and
equipment failures. The goals that
have been set in the national space
program can be met only by achieving
a high incidence of mission success.
Whenever error, failures, or damage
occur (and they will) during manned
spaceflight missions, some form of
onboard contingency protection
must be available. The develop-
ment and implementation of an
IFM capability appears to be

U ‘.:j.
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themost realistic answer to
this problem.

In summary, the following conclu-
sions are presented:

® An IFM capability is required for
missions of extended or long
durationtobridge the gap between
achieved and required system
reliability.

® The development of an IFM capa-
bility is both technically and
economically feasible.

® Manned spaceflight missions are
divisible into three (3) categories:
(1) Earth Orbital, (2) Earth
Lunar, and (3) Interplanetary.

® Mission-oriented IFM concepts
should be developed for missions
in each category.

® An IFM capability will be devel-
oped as an evolutionary process.

® The planned interaction of the
design, human factors, reliabil-
ity, systems safety, logistics,
and maintainability disciplines
are essential to an effective IFM
capability.

® AnIFM technology mustbe devel-
oped and formalized.

® An IFM testing program con-
ducted during actual spaceflight
missions must be incorporated
in mission planning.

® Future vehicle system hardware
must be designed for IFM.

® IJFM is just one element of an
overall Space-Terrestrial Logis-
tics System.

® Enrichment ofIFM technology
will provide an empirical data
baseline for a number of other
crew-related tasks and activities
(i.e., (1) Orbital assembly and
checkout of space stations, inter-
planetary spacecraft, and astro-
nomical observatories; 2)
Orbitaland lunar fabricationpio-
cedures and techniques; (3) Lunar
assembly of structures; and (4)
Rescue missions).

The actual developmentand imple-
mentation of an integrated IFM capa-
bility, such as the one described in
this paper, will be a difficult task.
It will nothappen all at once; instead,
it will be a progressive effort which
will undergo many iterations due to
advances in technology, changes in
mission objectives, and other techni-
cal, political, and economic consid-
erations. Therefore, to maintain a
continuity of effort, it is necessary
to develop a framework or blueprint
from which a suppc.t capability for
earth orbital, lunar, and ultimately,
interplanetary missions can be con-
structed. The approach to IFM pre-
sented in this paper is an initial step
towards achieving that goal.
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MAN'S CHANGING ROLE IN EVA SPACE

Peter N. Van Schaik, P.E.

Air Force Aero Propulsion Laboratory, Space Maintenance and Maneuvering
Wright-Patterson AFB, Ohio

SUMMARY :

The results of EVA on the Gemir-

{ “o;ram were

spectacular 'firsts" demonsirating man cou:« ieave the space-
craft, survive with no apparent difficulc—-, and move between

various points,

However, toward achieving the dedicated role

of space mechanic, orb..al worker, etc., the results were quite

discouraging.

Man became tired very rapidly and literally

exhausted after 1-2 hours work indicating that he may not be

able to achieve the capability we orig'mally thought.
role will drastically change over the next 10 years.

Man's
We will

not expect the astronaut to construct antennas, telescopes,

spacecraft structures, etc. from "nuts and bolts".

Instead, he

will assemble only major components, retrieve film and experiments,

maintain critical subsystems, etc,

This paper will describe

the results of an analysis of a typical 100 foot diameter
antenna which will be assembled in a one G environment to

show the task difiiculty.

INTRODUCTION

Although durinz the last few
years the spacecraft being launch-
ed are becoming larger and larger,
it is still impossible to launch
space stations, large antennas,
telescopes, etc., in the completely
assembled position. Based upon
some of the future requirements,
it app-:ars that antennas may be
100-200 feet in diameter. During
the .ext decade, the diameter of
space vehicles will be about 10-20
feet in diameter and therefore
requir. these large structures to
be folded or be assembled in space.
Looking at antennas in particular,
there are three basic methods
being an~lyzed to package and
launch the large antennas into the
smaller spacecraft. These vary
from inflatables, to foldable
trusses, to manual assembled
modules. This paper will con-

centrate on the module approach
to show man's changing role in
EVA space.

During the past ten years of
space exploration, man has been
envisioned as a gpace mechanic,
orbital worker, and handyman
repairman in 24dition to the basic
functions as pilot. It appeared
that man, if properly trained and
equipped, could do most jobs better
than mechanical systems. He
possessed high intelligence, both
physiologicsl and psychological
talents, anu versatility to under-
take and complete a variety of
tasks in space. In pursuit of
this chjective, many extra-
vehicular development programs
were undertaken including the
Hand-Held Maneuvering Unit,
Astronaut Maneuvering Unit, Space
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Power Tools, EVA Space Suits, etc.
Most of these development efforts
culminated with space flights on
Gemini to demonstrate the
astronaut's new capability,

The Gemini Experiments first
encouraged EVA with the success
of Colonel White, however, later
flights have severely dampened the
enthusiasm for EVA. The published
results (Ref 1) of the Gemini EVA
program states "EVA should be con-
sidered for future missions where
a specific need exists, and where
the activity cannot be accomplished
by any other practical means."

The intent of this paper there-
fore is to show that a specific
need does exist, and that if the
EVA task is properly planned, test-
ed, and the astronaut trained, it
can be an effective tool.

ANTENNA DESIGN

The modular antenna concept
appears to be most attractive to
an EVA assembly procedure. This
is based upon the idea that the
modular honeycomb panels are
assembled like a prefabricated
home. It requires alignment and
fastening of similar size panels;
therefore, requires a minimum of
tools, skills, and time which is
already at a premium.

Many antenna studies already
nave been conducted to date, each
using a different size panel as
being the basis for analysis and
comparison. For instance, the LIV
Study on EVA Effectiveness (Ref 3)
utilized a 5' x 8' size panel.
Obviously the size of panel is
very important as it determines the
total number of panels and there-
fore affects the total assembly
time. 1In order to establish a

1.4.2
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time. 1In order to establish a

firmer basis for the panel size
selection, the results of a USAF
Study (Ref 2) with General Dynamics,
Convair are summarized as follows:

Fig 1 - Underwater Assembly at
Convair

The mass handling part of the
study handled masses considerably
heavier than is contemplated ror
this paper study. The panel size
determination, however, is quite
applicable to this assembly analysis,
Actually, the optimum panel size
was never derived since the three
panets chosen were handled relative-
ly easy by an astronaut. The panels
were chosen arbitrarily to span
those sizes which may be applied
to modular antennas of the near
future. The sizes are as follows:
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Each panel was constructed
with a wood frame and partially
covered by mesh cloth to provide
constant drag on the panel no
matter which way it was turmed
in the water. The experiments com-
pitised a test subject (suited) who
reached the panel nearby turmed it
90° and elevated it 90° to fit into
the pie shaped holding bracket.

The astronaut was restrained by

the Gemini "Dutch” shoes during the
task. The fasteners (not part of
study) were simply a dowel pin and
hole. The results of this study
showed thza average time to acquire
the pan:1l, rotate it, and install
it as follows:

Panel Area Time
(Approx)  (ft) {Avg)

5x5 27.5 .54 min
6x8 34.0 .65 min
7.5x10 85.0 .80 min

These experimental results are
the basis for establishing a panel
size for this paper. The intent
was to divide a 150 foot diameter
antenna into large, equal size
sections so the number of panels
to be assembled were held to a
minimum. Imitially, a panel 10 ft
: 10 ft was chosen to fill the
needs of the anuenna in Fig 2.

Location Circumference (Ft)
5 31.4
15 94.2
25 157
35 220
45 283
55 345
65 403
75 471

TOTAL

COMMON

CIME

Fig 2 - Antenna Design (Initial).

The detailed data generated
from this design is as follows:

Panels (Nr)

3.14

9.42
15.7
22,0
28.3
34.5
40.8
47.1

200.56

Error gPtl

.14
42
.70
0.
.30
«50
.80
.10

.43

-
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After many trails and errors, it

appeared a slightly smaller panel \
was optimum. This was based on

the fact that each row ended in a
fraction of a panel remaining. So

to make each panel the same. and

each row to come out even, a slight- \
ly smaller panel was studied and

shown in Fig 3.

S 3L T AN
5! g o ) 9;( R S
G
” '.'; -
5 6’ 75! A A A~
27 o
] 33 Pav
34 Paw
_PANEL_SIZES USED 45 P
_/N COIYV{)II? TE-_STS"“ / 51 Fans
Fig 3 - Final Antenna Design
Row  Diameter (ft Circum (ft?) Nr_of Panels Length Errox
of Panels + (ft)
1 9.0 28.274 3.0 28.275 + .001
2 27.0 84.823 9.0 84.825 + .002
3 45.0 141.372 15.0 141.375 + .003
4 63.0 197.921 21.0 197.925 + .004
5 81.0 254.470 27.0 254.475 + .005
6 99.0 311.02 33.0 311.02 0.
7 117.0 367.567 39.0 367.575 + .008
8 135.0 424,116 45.0 424,125 + .009
9 153.0 480.665 51.0 480.675 + .010
The panel selected in the above table is:
q.0’' +
ﬁ ) 9.«425°
21° 425
-- 4 _ q.0'

1.4.4
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It is pointed out that the
actual number of panels would be
240 since the three (pie shaped)
panels would remain as one solid
piece. It is 9 foot diameter and
would fit in most spacecraft as a
single item.

PANEL SELECTION

The panels selected are slightly
pie shaped as the angle would be 1/51
x 360 or abovt 7.1 degrers taper.

The top and bottom of each panel
will have a s3lightly different
curvature deperding on the
location on the on the antenna.
Therefore, it will probably be
necessary to color code them for
easy assembly by the astronaut.

The pianels will be two (2)
inches thick (Fig 4) and be con-
structed of either aluminum or paper
honeycomb with about .005 inch
thick mylar or aluminum surface.
Each panel will have metallic edges
to facilitate lockiny into place.

EVA ASSgmeELyY
CHANNELS —7,

Fig 4 - Selected Panel

ASSEMBLY METHODOLOGY

The actual 2ssembly and con-
struction of large space structures
should be based upon fict and
experience rather than optimism.

This is necessary since the structure

by its very nature will be expensive
and mission dependent. In other
words, commitment to undertake the
development of a large antenna
structure will lead to a functional
operating antenna that can be com-
pleted once the assembly is com-
pleted. Therefore, assembly will
become a requirement for mission
success leaving behind any desire
to assemble "to learn what man can
do or not do". Hence, the assembly
technology must be highly reliable,
and therefore simple.

To keep a system simple and
reliable, especially an EVA method,
it will be necessary to design
very simple fasteners and keep .the
number of compecnents te a minimum,
The antenna described in the pia-
vicus paragraphs will involve 240
trapezoidal panels plus a 9 foot
Jdiameter base section. If all
panels could be exactly the same
eize and shape, it would simplify
the assembly task. However, this
is not possible as eac!" layer or
circular rows will have a
different radius of curvature
requiring specific assembly pro-
cedures. However, each row in this
study does have identical panels
requiring only that all the panels
be broug'.t to a given ring but the
panels in that row require no
specific order of assembly.

To further simplify the assembly
process, no attempt will be made
to utilize maneuvering and pro-
pulsion devices, portable life
support systems or power tools.
This is not to minimize the
potential or value of these systems
as they do have their place. How-
ever, the method to be discussed
here is a different approach than
some of those previously analyzed.

The much awaited antenna (Fig
5) is shown in the assembled con-

1.4.5
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dition first.

Fig 5 - Assembled Antenna

One important feature of this
antenna is that one seam is
continuous from the 9 foot radius
to the outer rim at 76.5 feet.
This will be a key feature in the
assembly process. All other
joints will follow an irregular and each concentric seam will be
pattern whether another single a lightweight channel track as
seam appears is unimportaat. shown in Fig 6.

Built into this radial seam

1.4,6
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In addition to this track
system, it will be necessary to
build a very lightweight work
platform as shown in Fig 7. This
scafford is a platform to hold
the NASA "Dutch" shoes, a light-
weight guard for safety of the
astronawt, wheels which hook into
the track system, and a sponge
rubber like support and drive
wheel.

AGURE 7-SCAFFOLDING /

Fig 7 - SCAFFORD

1.4.7
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FIGURE 8-ASSEMBLY PROCESS
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The detailed assembly method
is shown in Fig 8. 1In Fig 8(A),
the astronaut attaches himself to
the 4.5 foot radius track svstem
and begins assembly by installing
the first panel in place. Each
panel will probably use guide pins
and a locking fastener to hold it
in place. He moves the station
for panel two and installs it.
He continues as in Fig 8(B)
arowid until the 9 panels are
installed. He then moves
vertically (or radially) to the
13.5 foot radius and assembles
the next 15 panels (Fig 8.C) and
so forth until all 240 panels are
in place. All assembly will
proceed from the backside of the
antenna to protect the mirror
surface and reduce the burn hazard
to the astronaut.

There are two important
features in this assembly
process which has not been
discussed so far. One, how do we
support the assembler with ECS;
and two, how do the panels get
to the circumferential rows? The
environmental control and life
support is simpliest to answer,
The astronaut would use an
umbilical with the source at the
pivot point of the antemna. This
would allow 360° rotation on the
circumferential rings without
being entangled. The length of
the umbilical would be only about
80 feet long which is not un-
reasonable since the Gemini pro-
gram used 50 feet without too
much difficulty.

The method for raising and
lowering the panels to the appro-
priate ring appears relatively
simple, Since the panels are
welghtless, we only have to
worry about the inertias. This
will be controlled or minimized
by "raising" a stack of panels at
low velocities. It is then only

necessary to guide the stack in the
proper direction by ropes either
tied to the work scaffold, or by

a simple bracket hooked teo the
circumferential track. 1Ic is not
the point of this paper to make
any design of each component of

the system as long as it appears
generally feasible.

EVA ASTRONAUT TIME REQUIREMENTS

With the rationale of assembly
established and a design fairly
well fixed, the next step will
be to determine the astronaut
requirements. This should include
fatigue, ECS, time and difficulty.
Obviously, if the assembly task
becomes a physiological
impossibility, then man would
have no role. So it will be
necessary to scale the task
(complete antenna) to be reasonable
with these factors. First, let's
make an estimate of how long it
will take to assemble the 240
panel antenna. The General
Dynamics study showed that the
average time to grasp, rotate
and install an 85 square foot
panel was 0.80 minute. This was
achieved with a relatively simple
fastener concept, a Gemini space
suit, and while underwater. Data
has shown (Ref ) that space will
be 1.5 times as slow as underwater
simulaticn data. Therefore, the
assumptions for this evaluation
will be as follows:

1.4.9
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EVENT TIME REMARK

Time Per Panel 1,20 (Min) 0.80 x 1.5
(50% Over Estimate)

Time to Translate 0.50 fps

Rest 5 min/30 min

The over-all estimate to assemble the antenna will therefore be:

240 x 1.2 min = 288 min
1881 x 72 x 0.5 ft/sec = 62 min
Rest = 11.0 periods 55 mia

405 min

This figure of 405 does not seem tow unreasonable as it means
he will install 20 panels, rest 5 minutes, etc. The detailed back-
ground is as follows:

TABLE
TOTAL
ROW DISTANCE (ft) TIME (sec) PANELS TIME (sec) TIME (sec)
1-2 9 18.0
2 29 58.0 9 648 706
2-3 9 18.0
3 85 170.0 15 1080 1250
3-4 9 18.0
4 141 282 21 1500 1782
4-5 9 18
5 198 396 27 1920 2316
5-6 9 18
6 254 508 33 2340 2848
6-7 9 18 *
7 311 622 39 2820 3442
7-8 9 18
8 367 734 45 3240 3974
8-9 9 18
9 424 848 51 3660 4508
TOTAL 1881 (ft) TOTAL TIME - 20826 Sec
DISTANCE or 347 Min
Rest 58
TOTAL 405 Min

1.4.10




e A

v am—

MAN'S CHANGING ROLE

The earlier roles for the
extravehicular astronaut has
been to construct and assemble
large structures, repair and
replace malfunctioned components,
and conduct scientific experiments,
In the construction and assembly
area, one may ask "How big of a
job can an astronaut be expected
to accomplish in space?" Also,
"At what point does man become
effective over more automatic
techniques?'" These are very
difficult questions to answer
with any degree of validity.

The experience from the Gemini
flights demonstrated that man will
be tired or exhausted in a short
time from what appeared to be

not too difficult of tasks.

Major Aldrin's final flight on
Gemini XII demonstrated improved
EVA performance if paced at a
slower rate and provided with
frequent rest periods.

Reviewing the antenna design
analyzed in this study, it appears
man can assemble this large of a
structure without too much
difficulty. it will, however,
require the astronaut to
physically handle 240 separace
panels, translate about 1/2 mile,
and be out for 6.75 hours of time
(optimistic estimate). This is
all based upon a 9.0 ft x 9.425 ft
panel size. Suppose we make the
handling job a little easier by
reducing the panel size, For
instance:

Nr of EVA
Size Panels Line (hrs)
9x9.4 240 6.75
9x4.7 480 13.50
4.5x4,7 960 27.0
4,5%2,35 1920 54,0

This makes it obvious that
although we can reduce the panel
gize to make individual instal-
lations easier, the total time
required for EVA increases rapidly.
This indicates that the '"nut and
bolt" coucept or fabrication in
space will be totally unreasonable
due to the amount of EVA time
required and the associated
weight penality,

The cost of an EVA operation
of this sort involves two basic
elements - one -~ the pounds per
hour of life support expendables,
and two - the weight involved in
recycling of an airlock. For the
average case of a semiopen life
support system and a non reclaim-
able airlock is as follows:

ECS - 8.0 1bs per hour

ATIRLOCK - 25 pounds per recycle
In addition, assume the

maximum work length is 3.5 hours.

This is based on Gemini (2-1/2

hours) and maximum back-packs

(4 hovrs). Using this data as

before, we obtain:

1.4.11
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SIZE

S x 9.4

9 x 4.7

4,5 x 4.7

4,5 x 2.3

240

480

960

1920

12.3

24.3

48.3

WI _CAL WEIGHT

50.4 + (25x2) 100.4
98.4 + (25x4) 198.4
194.4 + (25x7) 369.4
483, + (25x14) 736.4

With :he types of weight penalities, it starts to become obvious
why it will be necessary to reduce the number of components and :asks.

800¢

600 1

4001

2001

Based upon the previous

1000

2000

NUMBER OF PARTS

discussion, it is now possible
to make some conclusions relative

to the EVA agsembliy task.

are:

minimum to reduce time and

1.4.12

These

The number of parts to
be assembled must be kept to a

weight penalities.

b. EVA support equipment
(ECS, tools, locomotion aids, etc)
must be designed to be as light
as possible to reduce total
system weight.
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c. Considerably more
experimental data is required to
establish man's capability to
install large panels on a
continuous basis. The scaffolding
technique can be tested adequately
in underwater simulation.

The primary advantage of an EVA
assembled antenna, ai this time,

appears to be the stowage or package

volume during launch. However as
the panels become larger, the
ability to store panels in each
available square foot of space-
craft volume becomes questicnable.
Therefore, work is neceded in thw
following areas:

1. A unique panel design
and materials to obtain an
extrenely lightweight design whic.
1s competitive with automatic
deployables.

2. Unique fastener and
EVA equipment design to reduce
assembly time and system weight.

. 3. Experimental tests to
establish firm data on assembly
technique and time required.

4, Space tests verify
experimental data.
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REDUNDANCY VS. MAINTAINABILITY
SOME CONCIUSIONS ON THE CROSSGVER FOR MANNEZD MISSIONS

Philip Hodge
Bernett Frumkin

GRUMMAN ATRCRAFT ENGINEERING CORPORATION

SUMMARY: Chort duration missions that use automated reaundant
systems have demonstrated a high degree of success. Manned main-
tenance may be weight effective for long duration missions. A
technique for determining the crossover, the mission time beyond
which a maintainable design is more effective, is described.

The crossover time's sensitivity to variations in maintenance

and antamadiAan rarameters are A= epvve
——_sa CaNA VW Whaabm W AN As 2l Cassats v A - LR L T )

sed. Ancslyses show thet menned

maintenance becomes weight effective for a typical Earth-orbiting
space station when the mission exceeds a few montihs.

INTRODUCTION

It is generally recognized
that space vehicles require manned
maintenance it they are to have a
high probability of success for
long duration missions. 1In fact,
without man, high probability of
success may be unachievable, due
to the inability to foresee all
possible malfunctions and system
interactions. It has been demon-
strated that manned maintenance is
unnecessary for relatively short
missions; that designs incorporat-
ing such maintenance would impose
inordinate penalties. What has
not been determined is the parti-
cular time, or crossover; at which
a mairtainable system is more eff-
ective. The need tr identify this
cros~over was established Jduring
studies of an easth-ort®ting space
station conducted by the Grumman
Aircraft Engineering Corporation.
Since man is on-board to perform
experiments, monitoring and control
functions, it woula be beneficial
to determine whether the vehicle
design should allow for r.an to per-
form the maintenance tasks. The

space station involved is ar earth
orbiting platform that provides
accomodations for the experimen-
tors, and a stable platform for
the astronomy, solar, meteorology,
earth resources and biology ex-
periments. A vehicle of this size,
which supports scientific experi-
ments, is much more complex than
prior space vehicles. From a re-
liliability point of view, it is at
least an order of magnitude more
complex, with an equivalent piece
part count of more than four mil-
lion parts. To protect the high
investment of such & program, the
mission success goal will have to

be very high, probably .95 or
greater.

Inherent reliability cannot
neet these requirements. Optimis-
tic projections of equipment (ass-
emblies, bla~k boxes, etc.) fail-
ure rates are of the order of one
to ten failures per million hours.
To achieve a system mission success
goal of 0.95 for a five year mis-
sion the sum of all equipment fail-
ures rates must total about one
failure per million hours. Since

I1.1.1



CONCLUSION ON THE CROSSOVER

Analysis of the results show
that & mission duration of a few
weeks is enough to make a main-
tainable design "yield dividencds".
Figure 8 is an isometric represen-
tation of the results showing the
bounds and trend of the crossover
time. The surface represents the
mission length at which a maintain-
able system becomes identically
equal in weight to & "non-maintain-
able system" If the mission dura-
tion is to exceed this time then a
maintainable design will result in
a lighter vehicle.
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FIGURE 8 CROSSOVER SURFACE

II.1.8

If the mission duration is more
than a few months the only combina-
tion of parameters which would in-
vite a non-maintainable design is
as follows:

System - Low reliability goal

and complexity

Maintaineble Parameters - High
Non-Meintainable Parameters -

Low

A sensitivity analysis conduct-
ed by varying a single parameter
at a time concluded the following:

A, Crossover time decreased
if any of the following
parameters are increased:

System Reliability Goal
System Complexity
Switch Weignt

Switch Failure Rate
System Failure Rate

B. Crossover time increases
if any of the following
parameters are increased:

Connector Weight
Connector Failure Rate
Tools and Technical Deta
Isolation Valves

Induced Failures
Isolation Valve Failure
Rete

The authors conclude that for
any manned spacecraft, a maintain-
able system is "optimal", if the
mission is to be for more than a
couple of months. A best long du-
ration vehicle will include some
automated redundancy in critical
systems with short allowable down
times to overcome man's deficiency
of requiring time to make repairs.
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APPENDIX

PROCEDURE FOR DETERMINATION OF
CROSSOVER TIME

As noted in the paper, & gen-
eral technique was developed to
determine the approximate time at
which an automated non-maintain-
able system weighs more than & man
maintained system. The procedure,
together with the assumptions and
approximations are outlined below:

The following "basic inherent
functional system" must be identi-
fied from preliminary anelysis.

a) The total number of equip-
ments or potentially re-
placeble units required to
perform the objectives of
the mission. A replaceable
equipment cculd be a single

component such as & Sabatier

Reactor in an EC/LS subsys-

tem, or a group of compo-
nents such as V,H.F. trans-
mitter in a communication
subsysten.

b) Approximate failure rate of
each equipment and the sunm
total of all equi~uents.

¢) Mission success or relia-
bility goal

d) Weight of equipment defined
in a) above.

As shown previously, due to
bimodal failures, the best form
of automated redundancy is gener-
elly standby where the spares are
off line and non op. _ating. Thus,
the next step is tc define the
penalties in the form of auxiliary
or additional equipment required
to implement manned maintenance
or standby redundancy.

Foliowing is a tabular sum-
mary of auxilliary equipment:

Automatrd Standby

Switches

Wiring and Plumbing

Checkout Instrumentation
Spares Environmental Control

Manned Masintenance

Tools and Manuals
Connectors

Checkout Equipment
Isolation Valves and Relays
Man (Time and Skills)

In order to derive the cross-
over time it is necessary to de-
velop .. plot of system weight
versus time for each of the above
mechanized systems and obtain the
point of intersection. The above
lists were reduced by deleting
items that were commcn and/or of

II.1.9




a single equipment, at best, will
meet this goal, it is obvious that
a system containing several thous-
and equipments will havc a much
lower reliability. Figure 1 saows
the inherent reliability forecast
for a single equipment and a total
system. Obviously, there is a
large pgap between irherent relia-
bility of equipment, and ‘he re-
liability requirements of a lcng
duration mission. Fortunately,
there are technigues available to
bridge this gap. Redundancy, ‘n
the form of either parallel op-
erating redundancy, or automatic
switch-in standby redundancy can
significantly improve system relia-

bility. In manned missions, a main-

tainable system could be provided
using man to perform the repair
actions.

__ SYSTEM
GOAL
(0.35)

RELIABILITY

MISSION TIME, YEARS

FIGURE 1 RELIABILITY OBJECTIVE/FORECAST

Evaluation of redundancy tech-
niques must be accomplished with
regard to a specifiec design con-
straint. At the early design
stage, many of the design con-
straints, such as cost, pover,
volume, and manpower, are not too
clearly definea. They are subject
to variation, depending c¢n mission
objectives and vehicle design.
However, weight of a vehicle is a
well defined constraint, deter-
mined by the cepability of the
launch vehicle to inject a payload
into the required orbital. altitude
and inclination. Therefore, trade-
off studies of alternative redun-

II.1.2

dancy techniques use weight as the
dominant constraint.

REDUNDANCY

Parallel operating redundancy
requires that all redundant equip-
ment be on line, simultaneously,
with the hasic equiprent. The
system does not fail as long as
one of each required equipment is
operative.

Standby redurdancy does not
require the redundant eaquipment to
operate until the basic equipment
fails. This reduces the redundant
equipment's exposure to failure.

Figure 2 shovws the "theoretial
weight/reliability curves for pa-
rallel and standby redundancy.
Assuming perfect switching, stand-
by redundancy is a more efficient
means of achieving the reliability
goal. The abscissa, )2t, is the mo-
duct of the equipment failure rate
(1) and the mission time (+).

/

REL = CONSTANT

.y PARALLEL
=
o
[ STANDBY
B ' < ————————
1
J
]
A
0.227 At —

FIGURE 2 THEORETICAL REDUNDANCY CURVES

The parallel redundancy curve
has an inflection point (minimum
slope) at a constant value of )t
(0.227). The slope is continu-
ously decreasing from O to 0.227
and then continually increasing
beyond 0.227. The standby redun-
dancy curve has a continuously de-
creasing slope as )\t increases.
Thus, for )t values greater than
0.227 the two curves diverge very
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rapidly. This point suggests a
practical limit to the economical
use of the parallel redundant
technique.

Practical application of these
redundancy techkniques departs from
the theoretical. Parallel redun-
dancy involves problems of multi-
failure modes of equipment. Such
equipment must be arranged in a
series parallecl configuration to
protect against each mode of fail-
ure and results in complex net-
works of equipment. Figure 3 shows
a typical seriec-parallel configu-
ration.

H H

FIGURE 3 SERIES-PARALLEL CONFIGURATION

In addition, not all equipments
lend themselves to operating vre-
dundancy techniques. In many
cases, system characteristics
change when one or more of the
parallel redundant equipments are
inoperative.

Standby redundancy is highly
dependent on the reliability of
the switch and sensor mechanism.
The switches (or valves), consider-
ed to be continually operating,
have a time dependent reliability.
Increasing the reliability of an
automatic standby system results
in a complex network of switches
and sensors controlling the stand-
by redundant equipment, as shown
in Figure 4.

Standby redundancy can be in-
voked, if the switch can be re-
placed by & mechanism whose re-

SWITCH CHECK VALVE

BAS.C
EQUIP

STANDBY
EQUIP

FIGURE 4 STANDBY REDUNDANCY CONFIGURATION

liability is not time dependent.
Man may be considered as such a
mechanism. By installing separ-
able connectors and some system
isolation equipment, a maintain-
able system can be designed in
which malfunctioning units are
simply removed and replaced with
spare parts.

In practice, a combination of
techniques may be required. Re-
dundancy may be required, if the
allowable downtime is insufficient
for the maintenance tasks confi-
dent performance. However, the
redundant system can be designed
to permit replacement of the pri-
mary equipment while it is operat-
ing in a redundant mode.

ANALYSIS TECHNIQUES

Determination of the cross-
over between a mainte .nable and a
nonmaintainable system for a
specific design requires & de-
tailed analysis of each c.mponent
of the system. The analysis con-
sists of calculating the best
(lightest weight) nonmaintainable
configuration for each component
for various time periods. This
implies a trade-off between op-
erating redundancy and automatic
standby redundancy, at a fixed
reliability or mission goal. The
total weight for the nonmaintain-
able configuration is obtained by
calculating the individual weights
of each component configuration
for each time period, resulting in
a weight versus mission time curve.

II.1.3



A similar curve is computed for the
maintainable case by determining
the weight of spares, isolatinn
valves and coinectors, to achieve
the same reliability goal.

Figure 5 shows the general shape
of the curves and crossover point.

WEIGHT ——

MISSION TIME ~———»

FIGURE § MAINTAINABLE VS NON-MAINTAINABLE
WEIGHT VS MISSION TIME

This component level analysis
requires that the system under
study be completely defined, which
is not feasible during the early
phases of a space vebicle's de-
sign. This complex analysis is
also time consuming, therefore a
simpler and more general technique
was developed, which is outlined
briefly below, and described in
detail in the Appendix. This tech-
nique determines the approximate
time at which an automated non-
maintairable redundant system
weighs more than a man maintained
system.

A gross system level analysis
is performed by identification of
functional equipments and their
approximate failure rates and
weights. From this basic system
definition, an average failure
rate (%) and maximum number of re-
placeable units (M) is determined.
Using %, M, switch weight and
failure rate, a nonmaintainable
system weight versus time curve,
Figure 6, is generated assuming

II.1l.4

sta.1idby redundancy with automatic
switching. To derive the main-
tainable system weight versus time
curve, auxilliary equipment such
as manuals and tools, isolation
valves or relays, and connectors
are defined. The spares required
are calculated based on X and M
values. A weight penalty is also
introduced to account for imper-
fect repairs. The composite curve
is shown in Figure 7.

TOTAL WT

BASIC SYS + SPARES

— —

WEIGHT

FIGURE 6 NON MAINTAINABLZE
WEIGHT VS TIME

SPARES & INHERENT SYS WT

— —

o
—

—

WEIGET e

—
_-
L~ TOOLS & MANUALS

— m— —— - —

INDUCED FAILURES ___  — — —

— S —

TIME ———

FIGURE 7 MAINTAINABLE SYSTEM WEIGHT
Vs TIME

The maintainable and nonmain-
tainable curves are then both
plotted as in Figure 5 to determine
the crossover time.

Each crossover curve is obtain-
ed by fixing the following system
parameters:
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Both

Reliability Goal

System Weight

Average Inherent Basic System
Failure Rate

Nonmaintainable

Valve or relay failure rate
Valve or reiay weight

Maintainable

Connector weight

Number of isolation valves
Connector failure rate
Weight of manuals and tools
Percentage of faulty repairs
Isolation valve failure rate

These analyses considered man
normally on-board the vehicle as
part of the mission or experiment
package. If man were not on-board,
his introduction solely for main-
tenance purposes would have a pro-
nounced effect on the crossover
time. He and all his support equip-
ment would have to be included in
vne maintenance penalties. In this
case, & thorough analysis to de-
termine the crossover must consider
such factors as:

o Interchangeability - One
spare part can replace many
similar parts throughout
the vehicle, th&szreducing
spares weight. —?

o Support by logistic re-
supply, if vehicle is in
earth orbit, thus lowering
on-board spares weight.

0 Flexibility in level of
replacement.

o Versatility in flight pro-
file.

o Simplicity of design since

redundent parts do not have
to be designed into the op-
erating system.

APPLICATION

Grumman has conducted studies
covering eerch orbiting vehicles
for missions of up to five years.

A typical vehicle is equipped for
stellar and solar astronomy, meteo-
rology, bioclogy and earth resources
investigation. I% provides livi:g
accommodations for the experimen-
tors, and a stable platform for

the experiments. This space
station would have an upper limit
of approximately 220,000 1lbs. (due
to Saturn V launch vehicle con-
straints) and house between nine
and twelve men. To provide these
basic functions, the vehicle con-
sists of the following subsystems.

Power Generation and Distribu-
tion

Environmental Control/Life
Support

Navigation and Guidance
Stabilization and Control
Propulsion and Reaction Control
Data Handling and Communication
Instrumentation

Controls and Displays

Incorporated in subsystem de-
sign are innovations to minimize
consumable requirements such as:
a) Oxygen recovery from
Carbon Dioxide

b) Water reclamation from
humidity condensate and
urine

¢) Control moment gyros for

removal of cyclic distur-
bances

d) Magnetic unloading for re-

moval of gravity gradient
bias torgques

e) Use of waste products as

fuel in a resistojet pro-
pulsion system

II.1.5
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Using the above defined vehicle
as a typical long duration manned
spacecraft, an analysis was conduc-
ted to determine the crossover
time. The parameter values, rep-
resentative of this vehicle, re-
quired to apply the analytical

technique outlined in the Appendix
were generated and are listed in
tables I and II. Upper and lower
bounds were also generated so that
a sensitivity analysis could be
conducted on the assumed likeliest
values.

TABLE I
SYSTEM AND NON - MAINTAINABLE PARAMETERS

System
Rel Goal

Total Components or Functions

Fail

Average Component Failure Rate ( i

Average Component Weight (1lbs)

Non Maintainable Penalties

Switch Weight (1lbs)

Fail
)

Switch Failure Rate ( T

LOW LIKELIEST HIGH
-9 .95 .99

1000 2000 L0oo

5 x 1070 1077 2x 1677
10 10 10

1 2 3

1077 107° 1077

TABLE II
MAINTENANCE PARAMETERS

Connector Weight (1lbs)

Fail
=)

Connector Failure Rate ( i

Tools and Tech Data (lbs)
Isolation Valves

Isolation Valves Weight (1lbs)
Induced Failures

Isolation Valve Failure Rate (F;;l)

II.1.6

LOW LIKELIEST HIGH
3 1 2

2.5 x 1077 10'6 4 x 1070
200 1000 Looo

100 200 400

1 1 1

10% of Expected Number of Failures

1070 1o'6 10'6



The crossover times established
by varying maintainable penalties
non-maintainable penslties and
system complexity using the tech-
nique described in the Appendix
are shown in Table 3.

For example, suppose we had a
system with "low" perameter values:

Reliability goal 0.9
Components 1000 -6
Avg Fail Rate 5% 10
Avg Comp Wt. 10

And if we assumed "low" non-
maintainable penalties:

Switeh wt. 1 -7
Switch Fail rate 10

And if we assumed "likeliest"
maintainable system penalties:
Connector wt. 1 -6
Connector fail rate 10
Tools and tech data 1000

Isolation valves 200
Isolation valve wt 1 -6
Isolation valve fail rate 10
Induced failures 10%

We would enter Table 3 at the LOW
system requirements, and the 1 1%
Switch weight (third row down), and
at the LIKELIEST mainilcl.able pen-
alties (second column), and find
that the crossover time is 330 hrs.
That is, if the mission time was
scheduled to be more than 330 hrs.,
& maintainable system would be

more desireable.

TABLE 3 CROSSOVER TIME - HOURS

Switch Wt |
Sw Fail Rate Maintainable Parameters
System Req Low Likeliest High
@] 50 180 2500
§ r;g Y 285 5000
—] 9 330 48,000
E o 2] 40 100 550
z| 'l 50 130 1000
Al 17 75 200 5000
@] ~0 10 75
g ?3 oy ~0 20 110
-] =0 30 700

II.1.7
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insignificant weight. Thus, the
trade-off was an automated stand-
by system with switches versus a
men meintained system with pen-
alties for tools, connectors,
isolation values and relays.

Non Maintainable Automated System

The automated system is illus-
trated in Figure § where each
equipment and spare is protected
by & switch which consists of a
package of electrical relays or
kydraulic valves, depending upon
the subsystem.

) - - G

FIGURE 9 STANLBY REDUNDANT SYSTEM-
MAXIMUM SWITCHES

The number and weight of
switches increases as the level of
implementation decreases. On the
other hand, the spares and weight
decrease at a lower level of redun-
dancy, due to the standby units
lower failure rate. An analysis
was, therefore, conducted to de-
termine the optimal level of
switching to give minimum system
and spares weight to achieve the
system reliability goal. The
minimal number of switches is
shown in Figure 10 which illus-
trates the case of a completely
redundant system. If any one
equipment fails all the units on
line in that system are useless.
The maximum switch case was illus-
trated in Figure 9 above where a
failure of one equipment does
not affect any others.

II.1.10

FIGURE 10 STANDBY REDUNDANT SYSTEM-
MINIMUM SFNITCHES

The reliability expression,
assuming that all switches must
operate and that ai{ least one of
each standby unit is in operation,
is as follows:3

N
Rel = (Rel Switch)' Z—oi (1)
()"

N ki gt
j_gl Xgo et —'k'!'

i numbeghof spare standby units
for i*" serial unit

>
It

failure rate of ithserial unit

>
o
L]

t = time of operation

N = number of serial standby units
in basic system and can vary
from 1 as in Figure 10 to M
as in Figure 9,

To reduce the enormous number
or combinations possible to achieve
the same reliability, the goal was
apportioned equally between the
switches and spares. Thereforez )
2

N
L .
(Re1l)? = (Rel 3witch)N;§1kl -
N ki 9. (at)
1g7hiv W
iT-‘[ 1X§O %.

An estimate (¥) of the aver-
age equipment failure rate is
generally obtainable early in the
preliminary design and believed
more accurate than the individual
equipment estimates, thus, a
simplification was made in calcu-
lation of the number of spares
required to achieve the reliabil-
ity goal.
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The number of spares must be
an integer for an individual unit,
but the system average or expected
value need not be, If it is
assumed that spares are a con-
tinuous and linear function of
yt, wnich is a good approximation
in the high reliability range for
at, greater than 0.2, see Figure
1., then the spares required can
Le calculated as foliows:

Number of spares; = Ai(xit) + By (3)

N
Total system spares =g spares i

NUMBER OF SPARES —»

At —e

FIGURE 11 SPARES VS at

If many of the standby units
failure rate multiplied by time
(At), are less than .2 a linear
regressior line can be established.
Equation (3) with A and B con-
stant for all i1, is used in cal-
culating spares for all units, if
all units have the same reliabil-
ity goal. Thus,

N
Total spares =i§1Ai(xit) + By

N
= Ax At + NB
1=1

And if t = constant for all equip-
ments then:

Total spares = A{Y Ki + NB
1=1

N
But ¥ =5 1./N
i=0 1

Therefore:
Total spares = N(AYY T + B)

Where N represents the number of
switches in the basic inherent
syst=m and (¥) is the average
failure rate of a piece of equip-
ment or group of serial equip-
ments., For a specified relia-
bility goal A =nd B are determined
and total spares weight, assuming
all equipments apprcximately

equal in weight, is equal to

(Inh. Sys. Wt.)x(ATt + B)

The total numher of switches
required is equal to the total
number of srares plus N.

Number of switches = N+N(AXt + B)

The required reliahility of
each switch 1s determined rrom
eq. (2)

Req'd switch rel. =

1 (4)
2(N+N(ATE+B) )

(Rel. Goal)

The switch is assumed to con-
sist of a series of values or re-
lays, each with a single mode of
failure. If a switch element has
an exponential failure density
function, and a switch is composed
of a group of elements in parallel
operating redundancy (1 out of 3
must operate), then the following
expression determines the number
of elements per switch to achieve
the reliability goal of tha switch.

Rel switch = 1-(l-o”Mswb) S

II.l.11
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_ log (i-Rel. Sw.)
log (l-e'\swt)

Y = Failure rate of valve or
relay

t = Time of mission

Rel. Sw. determined from eg. (k)

The total system weight (switches
+ spares + basic system) for a par-
ticular tire, reliability goal, aver-
ege component failure rate, and I
switches in inherent basic system
is now determined.

Total Wt. = S(N+N(&%t+B)) (Sw.E1l.Wt.)
+ (N+N(A Yt+B))(Sys.Wt.)

By varying the number of switchss,
N, in the basic inherent system, a
curve was developed for a specific
mission time from which the minimal
system weigh* could be determined.
Figure 12 is a plot of system weight
versus number of switches with W,
W,, W;, corresponding to the mini-
mum weights for time %), 4, t, re-
spectively. As time increased the
number of switches at which the sy-
stem weight was minimum also increas-
ed.

WEIGHT ———e-
&

1>t

NUMBER OF SWITCHE§ —————

FIGURE 12 WEIGHT VS NUMBER OF SWITCHES

I1.1.12
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The minimum weignts, W, ,%,, W,
were thnen plotted against mission
time t,, %, t; to establisk the
non-raintainable syster curve as
showr. in Figure © in the paper.
The two curves composing tae total
curve are shown with broren lines.
The switch weight grows with time,
similar to parallel operating re-
dundarcy shown previously, where-
as the spares weight has a contin-
uously decreasing slope similar
to standby .edurdancy.

Man-Maintained System

The man-maintained system
weight and parameters, assuming
man on board as part of the mis-
sion experiments, were defined
as follows:

a) The total replaceable

equipments were identified.

b) The number of isolation
valves required to allow
for on Line repair and
replacement .

¢) The total replaceable
units were then equal to
the sum of a) and b).

d) The weight of inherent
system was calculated and
increased by a total con~
nector weight. Each on
line and spare unit was
assumed to require a con-
nector, to allow for the
maintenance action.

e) System failure rate was
increased to account for
the added connectors and
isolation valves.

f) A fixed (independent of
mission time) tools and
manuals weight was gener-
ated.



g) A percentage of the expected
numper of repair actions
were considered to be bad.

The syster schematic is shown in
Figure 13.
ISOLATION CONNECTOR

VALVE

MAINTAINABIE SYSTEM

| o@o o T o o |
| O oo o T o[ !
o®o i
T U
lem o J

FIGURE 13 MAINTAINABLE SYSTEM WITH
SP/RES

On-line standby equipment may
be required for scme critical
systems, where the probability of
completing the repair in the
allowable down time is low. But
this would merely change the spare
unit's location and would not
effect the weight significantly.

In fact, most systems have relative-
ly long allowable down times in
which man t accomplish the re-
pair action. Therefore, to achieve
the mission goal sufficient spares
must be allocated. The probability
of not rurning out of spares for

a piece of equipment with exponen-~
tial failure density function is
calculated by use of the cumulative
Poisson expression with parameters
defined’ previously.

Prob. of equipment operating =
X
koot (.t)
X=0 X.
As in caliculation of the spares
required for the non-maintainable

case, the linear approximation was
made with

B
by =i§lxi/B

N
as

B
wWhere >, = ¢ .or oo
iE 17 34 %1 7" ' connector

+ (B-N A
(3 I))‘isolatlon valve

N = Number of replaceable equip-
ments
B-N = Number of isolation valves

If K is the number of spares per
on line equipment calculated by
use of ¥ then

Total weight = (K + 1) (System
Weight) + (Manuals and Tools
wt) + % of expected number of
repairs (BYt) with system
weight defined in (d) above.

The gereral shape of the re-
sulting curve is shown in Figure 7
with a breakdown cf the composite.
The crossover time is determined
from the intersection of the re-
sultant graphs of Figures 6 and 7
and typically shown in Figure 5.

This technique may be appliecd
not only to spacecraft, but any
vehicle or equipment requiring a
tradeoff between manned maianten-
ance and an automated redundant
system. The crossover time gen-
erated is not exact and thuz
should only be used as a guide.
If the mission time is near the
crossover time further detailed
analysis may be necessary to
arrive at the optimal system.

I1.1.13
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SPACE SYSTEMS MALFUNCTION ISOLATION

by

Roy B. Carpenter Jr.

Space Division
North Ainerican Rockwell Corporation

SUMMARY: One of the pacing factors associated with the
in-space maintenance (ISM) problem is the need to know
when systems ave operating correctly, and how to provide
diagnostic facilities when the systems are malfunctioning.
This paper illustrates hox to determine what system param-
eters to monitor without exceeding the bounds established by

easonable expectancy.

INTRODUCTION

All manned space flights, so far,
have been conducted safely without
resorting to maintenance in flight.
The unknowns surrounding man's abil-
ity to perform maintenance in space
have been a strong motivating factor
in taking other approaches. The prob-
lern has been proliferated by the
desire to stretch out these missions
in deep space and in the time domain.
Consequently, it has become more
and more obvious that some form of
In-Space Maintenance (ISM) must be
planned.

To implement such a program, it
is necessary to provide adequate on-
board information on systems per-
formance and follow specific guide-
lines. Correct operation must be con-
firmed by a performance monitor and
diagnostic data must be provided
whenever a malfunction occurs. The
information must be timely so that
restoraiion can be safely accomplished
within time constraints, but must not
unbalance the spacecraft or crew with

superfluous weight or time-consum-
ing activities.

Since the average spacecraft has
literally millions of parts,it follows
that each one, theoretically, con-
tains the possibility of failure.
However, experience has shown
that we must only be prepared for
those malfunctions that actually
occur; yet we tend to want to bring
the whole store with us to meet
any eventuality, Experience has
demonstrated that there are prac-
tical limits, established by effec-
tiveness criteria and/or weight and
storage space limits. How then
can the space-mission planner
determine what to evaluate and how
many things to monitor without
exceeding the bounds established
by reasonable expectancy?

The usual approach to test sys-
tem design is to poll all of the sub-
system engineers and ask what
they think should be monitored and
where the test points should be
placed. The tendency is to look at

"n.2.1
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everything and the result is an in-
flight test system which approaches
the size and weight of the rest of the
mission systems. A technical deci-
sion must be made to reduce, to a
manageable level, the number of
parameters monitored. A random.
approach can present a frustrating
dilemma while a logical process can
save much weight, time, and program
funds without impairing the probabil-
ity of mission accomplishment.
Therefore, one alternate solution is
to eliminate all ISM potential from
the mission and make the functions
sufficiently redundant and reliable so
as to cancel out the need for diagnos-
tic equipment. The space programs
to date have essentially operated on
this principle. However, the time
has come with the extended mission
studies when this can no longer be
used; the ISM must be properly
planned to assure reasonable proba-
bilities of mission success.

PREDICTING THE ISM

A logical way to resolve this pro-
blem was identified during a recent
study of space mission duration exten-
sion problems. The basis for the
approach was the '"unreliability index, "
the '"failure manifestation,' and the
"failure mode'' data. By using these
data the "expected' maintenance action
is identified specifically and the func-
tions with acceptable risks are c¢lim-
inated from further maintenance con-
gsiderations.

Consequently, the performance
monitoring and diagnostic equipment
can be designed to deal only with those
"expected' failures and the primary

1.2.2

failure manifestations. When this
is achieved, an ISM plan can be
evolved and implemented, based on
probability and logic, rather than
an incoherent, random process.

The procedure involves use of
reliability data, not in the absolute
realm, but as a relative figure of
merit. This ISM identification
technique is il'ustrated in Figure 1,

The analysis starts with a reli-
ability assessment of the systems.
First, each part or assembly is
listed in order of unreliability.
Then the failure modes and mani-
festations are determined. After
that a complete ISM plan can be
devised by using these factors as
a guide.

The failure manifestation helps
select the performance~-monitoring
requirements, the diagnostic
equipment, and subsequently the
safety and training requirements.
T'his results from our ability to
specifically identify the potential
failure, its modes and manifesta-
tions. And this makes it possible
to preseclect the best or most logi-
cal manifestation to use.

The failure mode analysis
already has been shown as a use-
ful tool, first for selecting the best
level to spare, the required spares
complement, the tools required,
as well as the supporting design
requirements and constraints, 3

The unreliability index provides
the necessary visibility into the
LSM requirements. By ordering
the components, as indicated by
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1 W/G PUMP
MOTOR .91

2 TEMP CONT .96

3 CHECK VALVE
/\/\
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THE
POTENTIAL
FAILURE

.
PERFORMANCE
MONITOR

THE DIAGNOSTIC
FAILURE <{ EQUIPMENT

MANIFESTATION SAFETY
REQUIREMENT

TRAINING
| REQUIREMENT

SPARES
THE REQUIREMENT

FAILURE <{ M&R TOOLS

MODE
M&R DESIGN
REQUIREMENT

SAMPLE
PROBLEM INOPERATIVE—»* CAEIN TEMP—»MOTOR—»REPLACE
W/G PUMP FIELD MOTOR
o EQUIPMENT OPEN ONLY
OVERHEAT
*W/G TEMP
RISE
o CHANGE IN
CURRENT DRAIN
* NO COOLANT FLOW
LPPERFORMANCE DIAGNOSIS
MONITOR
SENSE COOL- SENSE MOTOR
S78RE13822 ANT FLOW CURRENT

Figure 1. LOGIC FOR MEETING MAINTEZNANCE PROBLEM

the example of Figure 2, the weakest
links, or the most failure-prone com-
ponents appear at the top and the least
likely appear at the bottom. Then an
acceptable risk level is established,
not necessarily for the entire mission
or system, but rather for the individ-
ual functions of each mission system.

The level of assembly at which the
risk should be equalized depends on
the specific mission/system. For
the example chosen, the black box
level is used; that is, each item is a
separate and identifiable box, and its
reliability is expressed as a bar to
the nearest order of magnitude. Each
additional segment of the bar repre-
sents the effects of a spare stored
under optimum conditions. Providing

for ISM's tends to neutralize some of
the effects of uncertainty in the actual
reliability and the resulting mission

is less sensitive to these uncertainties,

Figure 2 lists the data storage unit
as the weakest link in the communi-
cations and data system, and by draw-
ing a line at the acceptable risk level,
items requiring maintenance are iden-
tified specifically. All others are
ruled out by definition; that is, we
have inferred that they are within the
acceptable risk. Therefore, for this
example, the ISM requirements to
achieve or exceed 0.999 per compo-
nent are as indicated in Table 1,

These data indicate that the data
storage system may fail up to three

11.2.3
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times while the central timer would
fail only once, and that the multi-
plexer (MUX) ""will not" fail. We
now '"know'" what will fail and how
often. These are the basic constit-
uents to a logical approach to
malfunction isolation and correc-
tion plan.

PLANNING FOR THE ISM

Two things are evident from the
latter analysis:

1. What will fail—the scope of
the maintenance program;

2. How often they will fail, or
what is most likely to fail.

11.2.4

These then are the keys to solving
the problem. The next activity
required is the identification of
how they will fail, the failure mode
how we know it failed, and the
failure manifestation.

2

Table 1. ISM REQMNTS ¥OR
COMMUNICATION AND

MGMT SYS
ORDER OF EXPECTED
FAILURE SYSTEM COMPONENT NUMBER OF
ISM ACIION&
1 DATA STORAGE UNIT >2 <3
2. PCM TELEMETRY <2
3. UP-DATA LINK <2
A S-BAND TWT <1
5. AUDIO CENTER <1
5. VHF/AM TRANSCEIVER <1
7 CENTRAL TIMER <t
[} UMIFIED S-BAND RECEIVER <<l
.. SIGNAL CONDITIONER <<
0. MULTIPLEXER 0
TOTAL NUMBER EXPECTED <13

o
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The Failur. Mode Analysis
examines each '"unreliable' com-
ponent in much the same way the
component was identified as poten-
tially unreliable in the first place,
i.e., the analysis i1s to determine
what part of the assembly fails
first and by what probability ratio.
In the example of Figure 1, the
glycol pump was identified as a
potential ISM candidate. The
failure mode analysis indicated
that the motor would fail first by
a ratio of 100 to 1; and further,
the motor field was most likely to
fail open.

One problem to face, not a part
of this paper, is the decision as to
what assembly level to make the
maintenance action. It could be
the glycol pump assembly, the
motor, or the motor field.4 In
this case, the motor was the most
practical level at which to make the
repair.

We now know:

1. What will fail

2. How often they will fail
3. How they will fail

Since the subject of th'« paper is
how to isolate the malfunction in a
dynamic situation such as encountered
in manned space flight, we must next
identify the method of flagging the
""look points'' or determining where
the tests points would be most
effective.

The Failure Manifestation is the
tool which will permit logical isolation
of the malfunctioning component.

Again, from the example of Figure 1,
the pump motor is known to be the

most unreliable component. Table 2
presents some of the expected mani-
festations of such a failure, by class.

Table 2. FAILURE MANIFEST,
GLYCOL PUMP MOTOR
FAILURE

CLASS MANIFESTATION

1. NO COOLANT FLOW
PRIMARY 2. CHANGE IN CURRENT DRAIN

3. NO VIBRATIONS OR ACOUSTIC OUTPUT

SECONDARY 4. GLYCOL TEMPERATURE RISE

5. CABIN TEMPERATURE RISE
TERTIARY 6. EQUIPMENT TEMPERATURE RISE

7. OTHER REASONS

Failure manifestations can be sep-
arated into classes as indicated in‘ 2
table; any one of these could indicate
a2 pump failure. To avoid unnecessary
diagnostic activity, it is necessary to
single out those manifestations which
would be peculiar to pump motor fail-
ure only.

Selecting the appropriate manifes-
tation(s) to use as an index of failure
is a critical decision, as shown in
Figure 3. Given the failure modes
and manifestations of all probable
events, an analysis of these data is
made to ferret out common traits of
manifestations. For example, in
Table 3, part of a thermal control
loop is illustrated in simplified
form. In three of the four potential
situations, failure will result in
complete or partial loss of coolant
flow. Therefore, this could not be
used only for isolating the failure
to the pump. However, it may be
desirable to monitor flow since this

L]
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COMMONALITY
ANALYSIS

SELECTION

CRITERIA | [DIAGNOSTIC
« COMPLEXITY EQUIP/
° TIME ROUTINES

* WEIGHT
A A

v

PECULIAR
MANIFESTATION

ANALYSIS

FAILURE \
MANIFESTATIONS "\
1
comon, | { "o
e
MANIFESTATIV.NS REQUIREMENTS
Figure 3. SELECTING FAILURE ISOLATION PROCEDURE
AND SUPPORT EQUIP
Table 3. SAMPLE MANIFEST ANALYSIS, THERMAL CONTROL
LOOP, PART OF ECS
ASSEN LY/ PRIMARY PECULIAR POINTS
FAILURE MODE | MANIFESTATIONS | MANIFESTATIONS |DIAGNOSTIC
1. GLYCOL PUMP | 1. NO COOLANT FLOW| 1. CHANGE IN
(MOTOR FIELD 2. CHANGE IN CURRENT DRAIN CHECK
OPEN) CURRCNT DRAIN 2. NO VIB OR CUSHENT
3. NO V'B OR ACOUSTIC
ACOUSTIC OUTPUT oUTPUT
2. TEMP CONTROL | 1. NO COOLANT FLOW| 1. NO CUSRENT CHECK
VALVE (FAILED| 2 NO CURRENT FLOW FLOW CURRENT
CLOSED) 3. NO MANUAL 2. NO MANUAL DRAIN
RESPONSE RESPONSE
3. RAD ISOLATION| 1. NO COOLANT 1. NO CURRENT
VALVE (FAILED FLO% THROUGH FLOW CHECK
CLOSED) THAT SECTION CURRENT
2. NO CURRENT
FLOW
4. GLYCOL TEMP | 1. IMPROPER TEMP 1. IMPROPER TEMP
SENSOR (NON- INDICATION INDICATION ON CHECK
RESPONSIVE; 2. LOWER CURRENT ONE OF THE REDUNDANT
DRAIN SENSORS ONLY SENSOR

. GLYCOL TEMP

EXCURSIONS

. LOWER CURRENT

DRAIN

1.2.6
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will be a single manifestation which
can be used to i «dicate a failure has
occurred, This would then initiate
the need for further diagnosis.

Selecting the Performance
Monitoring Points involves a set of
criteria different from the diagnos-
tic routine. The pesformance
monitor must be simple, yet include
all of the '""expected'' malfunctions.
Its job is to sound the alarm indi-
cating that a malfunction has
occurred. To simplify the system,
reduce weight, time, power con-
sumption, etc., it is desirable to
monitor those functional manifes-
tations which are common to the
most ""expected'' malfunctions.
Therefore, in the selected example,
it would be desirable to sense the
coolant flow since stoppage is com-
mon to many of the identified fail-
ure modes.

Selecting the Diagnostic Points
and associated supporting equip-
ment requires consideration of
somewhat different criteria. Com-
plexity, time, training require-
ments, weight of equipment and,
most important, the peculiarity
of the manifestation are the influ-
encing criteria. As indicated in
the example of Table 3, the current
drain associated with the specific
item for cases 1, 2, and 3 seems
to be the best or only peculiar mani-
festation. As a case in point, con-
sider the glycol pump, where the
most probable failure is an oper field
in the motor, This is manifested by
zero current drain and a positive indi-
cation of the open field. The same is
true of the radiator isolation valve
since the open coil of the solenoid
would draw no current.

Selecting the Diagnostic Routine
involves the establishment of a logical
approach to isolating a given malfunc-
tion. The proposed approach is based
on the premrise that the performance
monitor (PM) aiready has indicated
that failure has occurred somewhere
within a system and/or function, and
checking the PM is the first step.

The diagnostic routine should indicate
the subsequent path to follow in iso-
lating the malfunctioning component
to the level selected for the repair or
replacement action.

To be most effective, the diagnos-
tic routine should start with the com-
ponent that is most likely to be the
cause and then proceed toward the
least likely. As a case in point, con-
sider that the relative failure potential
of the sample function is as given in
Table 4; the diagnostic routine for
this example would then be as refiec-
ted in Figure 4. Once it has been
established that the glycol is not flow-
ing, the pump mctor wou:ld normally
be checked first, because it is most
likely to fail. The next three compo-
nents are checked in order of signi-
ficance until the potencial malfunctions
have been exhausted. Any other com-
ponents in the function need not be
checked since, by definition, the
failure must be one of the selected
components (within the acceptable
risk level),

Sensitivity to Inaccuracies

Perhaps the most pertinent
question relating to the use of
reliability data, and therefore the
acceptance of this approach, relates
in turn to the known inaccuracies
associated with the input and data.

.2.7
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Table 4,

RELATIVE FAILURE POTENTIAL, GLYCOL LOOP
COMPONENTS (EXAMPLE)

ORDER COMPONENT HAZARD
RATIO
1. GLYCOL PUMP 1000
2. TEMPERATURE CONTROL VALVE 100
3. RADIATOR ISOLATION VALVE 10
4. GLYCOL TEMP-RATURE SENSOR 1
OTHERS INSIGNIFICANT
PERFORMANCE
MONITOR
ALARM
y
CHECK GLYCOL
FLOW
|s |'|' REPLACEGLYCGL *BY DEF""T'ON TH'S IS T“E ONLY
FLOWING TEMPERATURE REMAINING ALTERNATIVE
SENSOR *

. 1S N\VYES[ " cueck YES| ReptAce
T pa i h s R pe e Vs IR
REPLACE PUMP REPLACE

MOTOR SOLENOID
Figure 4, DIAGNOSTIC ROUTINE, GLYCOL FLOW, PART Of ECS
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Reliability data is known to be sus-
pect in the absolute realm and, at
best, gcod to about one place, even
in the relative realm. Hcwever,
its value in this particular applica-
tion is more in the relative sense
than the absolute, and, further, one-
place accuracy provides the miss-
ing intelligence. This bccomes
obvious by referring back to Figure
2 where variations in the reliabil..
ity between Items 1 and 3 r>nge
from 0.6 to 0.92, and yet two ISM's
are scheduled for each. Further,
it takes arn inaccuracy of over an
order~cf-magnitude to impose a
requirement to schedule an addi-
tional component for ISM.

It becomes equally evident for
larger inaccuracies provided the
expected reliavility is better than
the selected e¢qual risk levcl for
the function.

Where honest doubt exists as to
the component level at which to
equalize reliability and the optimum
risk, the effects of selecting a
lower risk (kigher reliability)
seems to have liitle effect on the
spares level or the ultimate space-
craft weight. It simply adds a few
components to the bottom of the
list to spare and perhaps an ext.ca
spare for one already on the list.

CONCLUSIONS AND
CONFIDENCE ASSESSMENT

While the methodolngy presented
herein seems logical, someone is
sure to bring up Murphy's Law, It
is usually prefaced by: '"But what
if , , " If we accounted for all the

"what if's'' the program would never
come tc fruition and the vehicle would
never get off the ground. Practicality
must come into play, and practicality
wili be implemented in a technical
manner by establishing an acceptable
risk level (perhaps associated with
the weight limits of the booster) and
then designing to meet these objec-
tives.

Two factors influence our confi-
dence in a given design: the length of
time the components have been con-
sidered state-of-the-art, quulified,
or space ratad, and the reliability
assessment associated with the indi-
vidual components. These are,of
course, closely associated, or at
least should be. Given that an accept-
able risk level has been set for the
mission, and the components usea in
the design are kncewn tc be space -
rated or gualified, it has been shown
that small inaccuracies i. the reli-
ability estirnates have little effect
on the ultirnate mission reliability of
a maintaired system.

The gains to be derived from a
maintainable manned space mission
concept are evident, KEqually evident
are the gains to be derived from a
Jogical design of the ISM concept,
particularly where performance
monitoring and diagnostic elements
are to be planned. Logic takes the
place of uwi.assessed chance when
the logic is reasonable, understand-
able, and implementable. Such is
the case for isolating the elusive
malfunction when the plan preeated
herewith is given serious
application.

U.2.9
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SPACE MAINTAINABILITY ANALYSIS

OF THE

APOLLO TELESCOPE MOUNT

Staart M. Peck

and

Anne B. Folsom

Quality and Reliability Assurance Laboratory
George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama

SUMMARY: The objectives of this study were through an
analysis of an operational program (1) to verify that the
concept of maintainability in space is feasible, (2) to deter-
mine what repair tasks could be performed, and (3) to
evaluate the increase in program reliability attainable by
performing in space maintenance and -repair.

INTRODUCTION

Long duration manned missions
require the use of many complex
systems which must operate properly
from one to several years. Reli-
ability, therefore, is extremely,
important. It is too costly to attempt
to obtain all of the necessary reli-
ability through use of product im-
provement methods. Correspond-
ingly, the use of redundancy to in-
crease reliability is limited by con-
sideration of weight, volume, and
system complexity. Failures in
components and systems wil' un-
doubtedly occur during long missions;
as system operating time increases,
even more failures can be expected.
There is a practical means to attain
a maximum probability of mission
success, as a supplement to using
highly reiiable hardware and impos-
ing tight quezlity control during manu-
facture. This is to provide a cap-
ability for performing maintenance
and repair in space.

Space maintainability, as we
shall call these techniques, should
be established as a basic discipline
upon which designers can and must
rely to attain maximum program
reliability. It is (lesirable to gain
acceptance and use of space mainte-
nance as quickly as possible. The
best approach to gain this acceptance
is to verify the space maintenance

techniques on an operational program.

PROGRAM SELECTION

One of the earliest opportunities
to implement space maintainability
is in the Apollo Applications Program
(AAP), a series of primarily scien-
tific missions, a follow-on tc the
Apollo man lunar landing program
which will make the most of Apollo
hardware. One AAP payload is the
Apollo Telescope Mount (ATM), a
system of precision telescopes for
making solar observaticns. The
objectives of the ATM are to acquire
precision scientific data on the

1.3.1
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structure and behavior of the sun
for 56 days and to evaluate man's
ability to perform for an extended
time in a space environment the
complex experiments necessary to
acquire this data.

This mission will require two
Saturn IB launches: one to launch
the ATM, the other to launch the
crew to operate the experiments.

The NASA-Marshall Space
Flight Center (MSFC) is responsible
for designing the structure and the
support systems of the ATM; docu-
mentation was available early. The
ATM was, therefore, chosen for
analyses to determine whether an
in-space repair capability was
feasible and, if so, what repair
capability should be planned.

SYSTEMS DESCRIPTION

The ATM includes six experi-
ments and the necessary support
systems to operate them and to
record and transmit the data. The
ATM structure is a rack on which
the support systerns are mounted
with a barrel or canister attached
inside the rack in which the experi-
ments a-e housed. An Apolio Lunar
Module (L.M) ascent stage is perma-
nently attached to the ATM and pro-
vides a shirt sleeve environment for
the astronaut operating the experi-
ments. (Figure #1, Artist's con-
cept of the ATM)

Support Systems on the ATM
are:

™~

Electrical Power - provides
power to support systems,
experiments, and LM

Pointing Control - provides
the orientation and stability
necessary for successful
ATM operation

Display - provides monitor-
ing and control capability cf
the housekeeping systems
and experiments

Telemetry - provides data
transmission from the sup-
port systems and experiments

Command and Communica-
tion - provides RF and voice
communication between as-
tronaut and ground stations

Thermal - provides neces-
sary coceling and/or heating
for support systems and
experiments

Instrumentation - monitors
and measures parameters

of interest of the housrkeep-
ing systems and experiments

Selected Experiments are:

1.

SO-52 White Light Corona-
graph

S50-82 A & B Ultra Violet
Corona Spectrograph

S50-54 X-ray Spectrograph
Tcrescope

S0O-83 Harvard College
Observatory
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5. S0-56 X-ray Telescope
6. H-Alpha Telescope 1
7. H-Alpha Telescope 2

The ATM presents three sizable
limitations to the implementation of
an in-space repair capability. First,
all ATM systems are exposed to the
space environment; therefore, any
repair must be an extravehicular
activity, requiring the astronaut to
perform all maintenance in open
space, hampered and protected only
by his space suit. Second, the con-
ceptual design was complete; prelim-.
inary design was far advanced; in
some cases, hardware procurement
contracts had been let. Third, the
ATM had been designed to obtain the
required program reliability through
redundancy, ncot through mairtain-
ability in space.

Besides these inherent limita-
tions in the ATM, an additional
limitation was placed on the selec-
tion of repair tasks. Nout only must
the task verify that repair in space
is feasible, but the task must also
significantly increase the probabil-
ity of ATM program success.

ANALYSIS

Under these l..aitations, a
space maintainability analysis of
the ATM was begun. The experi-
ments were not considered in the
analysis because the location of the
experiments inside the canister
made the experiments' accessibility
to a pressure suited astronaut diffi-
cult. Only the support systems--

electri~al power, pointing control,
display, telemetry, command com-
munications, thermal and instru-
mentaticn--were considered.

As an actual operational payload
was being studied, it was desirable
that the analysis be completed prior
to finalization of design and begin-
ning of hardware fabrication. It was
also desirable that the analysis con-
centrate on tasks which could most
feasibly be performed and on repair
which would contribute most signifi-
cantly to the success of the mission.

Initially, therefore, each system

was evaluated by four criteria to
decide whether a more detailed
analysis should be performed. These
are (1) Mission Criticality, (2) Astro-
naut Safety, (3) Minimum Design
Modification, and (4) Supporting
Development.

Mission Criticality: Criticality is

determined by the impact a mal-
function has on the mission. If

a malfunction of an item will result
in loss of life or personal injury,

the item is placed in criticality cate-
gory 1. If a malfunction of an item
will result in an abort or major
degradation of mission, the item is
placed in criticality category 2.

All other malfunctions will result in
the item's being placed in criticality
category 3. No items on the ATM
are rated in criticality category 1.
Only items rated in criticality cate-
gory 2 were considered in the analy-
sis. As the components of the dis-
play and instrumentation system
were classified in criticality cate-
gory 3, these systems were not
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considered for repair.

Astronaut Safety: Maintenance and
repair tasks which would subject

the astronaut to significantly greater
hazards than the inherent danger
involved in performing the original
ATM mission were excluded. This
criteria caused two subsystems in
the electrical power system to be
excluded.

Design Modifications: Design for
repair must not require changes
that would affect the operation or
function of a component. Only mod-
ifications such as a change in
fasteners and connectors, installa-
tion of handles, or rounding sharp
corners would be allowed.

Supporting Development: Develcp-

ment i5 required techniques or hard-
ware which have not evolved or are
still in the concept stage. Any de-
velopment must be accomplished at
2 minimum cost, as an in-house
activity, and without impacting the
schedule.

As a result of applying these
criteria, the electrical, pointing
control, and telemetry systems
were chosen for detailed considera-
tion. Loss of the electrical power
system and/or pointing control
system will abort the mission.

Loss of the telemetry system will
result only in loss of data. The
level of repair to be considered

was black box replacement; to per-
form lower level repair as an extra-
vehicular activity is impractical.

The matrix, figure 2, was

used to collcct the data for each
system to the black box or compo-
nent level. In some cases the design
had not progressed to the point that
the data was available.

After the matrix had been filled
in, the data was anzlyzed individu-
ally and collectively by a group of
engineers familiar with the systems
and knowledgeable of the environ-
ment and conditions under which the
repair would be performed. This
analysis determined (1) qualitatively,
whether the probability that a mal-
function resulting in an abort or a
major degradation of the mission
would occur was sufficient to justify
planning for in-space repair, and
(2) whe.her the needed repair could
be feasibly performed by an astro-
naut. As an aid in determining re-
pair feasibility, a detailed procedure
was formulated enumerating step by
step each action of the astronaut for
each task under consideration.

As a result of this analysis, a
preliminary selection of repair tasks
was made. Table 1 lists the tasks,
the modifications needed on the com-
ponents and on the ATM structure,
the number of disconnects to remove
the item, the estimated additional
weight, and the required develop-
ment.

Further 2valuation of the repair
tasks listed in table 1 narrowed the
selection. Tasks listc 1 in table 1
which were eliminated are replace-
ment of the distributors, manual
switching to the redundant control
computer, and replacement of the
digital computer. The replacement

11.3.5
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SYSTEM SUB-SYSTEM
ITEM, EFFECT| PROB, (15 ITEM 1S ANOTHER ITEM |LOCATION|DESCRIBEJHOW IS ITEM
BLACK BOX OF OF |REDUNDANT? DOES|A/AILABLE TO ACCESS! - [OR
COMPONENY |FAILURE [FAILURE[REDUNDANCY REQ |PERFORM BILITY  |CONNECTED!
ASTRONAUT FUNCTION? EL! CTRI-
ACTION? HOW PLACED IN CALLY
1F SO WHAT? SERVICE? MECH
TOOLS & EQUIPMENT REQUIRED [SPARES REQUIRED  |TIME fKILLS HAZAKDOUS] OTHER
FOR, ACCESS, ISOLATION, TO PERFORM REPAIR [REQUIRED |FEQUIRED  |COMDITIONS
REPAIFK, AND TO PERFORK.|~'0 PERFORM
CHECKAUT. TASK TASK.
wr.[si1ze |wr.|size
L
S
T
|
1

Space Maintainability Analysis Matrix

Figure 2
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11.3.8

of the distributor was eliminated
because of the difficulty in deter-
mining why a protective device failed.
Manual switching to the redundant
control computer was dropped when

a design decision was made to per-
form this function automatically.
Replacement of the digital computer
was eliminated because the function 2.
of the digital computer could be

performed in a degraded manner by

the astronaut and because the proba-

bility of failure of the computer was 3
low.

Fou
feasible

ORIGINAL CABLE DISCONNECTED

sst? PL PA LRY ' )9
#1 E) >

JUMPER CABLE
INSTALLED BY ASTRONAUT —

ORIGINAL CABLE
DISCONNECTED

,\x\\

“SOLAR AN
' SUPPLY
Ve
MALFUN CT|0N

\ N ){

RESULTS

r repair tasks considered
and worth implementing are:

Replacement of the charger-
battery-regulators (CBR)

Capability to jumper between
a solar panel and a CBR
(figure 3)

Capability to jumper between

*&\&x\\,&v
- CHARGER -

/\< BATTERY - /

N~REGULATOR | */
xSk #1N .."/ .

‘MALFUNCTION s

A repair of two power supply circuits that have different malfunctioning
units is shown. Result of repair is to place back into operation an

equivalent of one power supply circuit., The

tion of a malfunctioning CBR and a malfunctioning solar supply.

example depicts the situa-
Combin-

ing the good units provides one operational power supply circuit.

Jumrer between Solar Panel and CBR

Figure 2
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two major units of the CBR.
(This task was later elimi-
nated for consideration
because necessary desiga
changes were more exten-
sive than anticipated.)
(figure 4)

4. Replacement of the tape
recorders. The recorders
are an item of the automatic
storage ard playback vait,

a telernetry sub-system.

CBR #1 . - —_
CHARGER
SOLAR |
SUPPLY
#1
—
A /
LONG JUMPER )
CABLE INSTALLED
BY ASTRONAUT
SOLAR |
SUPPLY
#2
CHARGER
/
CBR #2 AV /

Each CBR is approximately
21 x 17 x 4 inches, weighs approxi-
mately 87 pounds and consists of
a battery and the electronics to
recharge the battery from the solar
source, to provide a constant power
output to the load, and to monitor
the CRR operation,

The CPR's are the heart of the
power sysiem. Tle original design
consisted of 24 CBR's of which only
18 were required for successful

BATTERY

_1oap |}
REGULATOR

SHORT

JUMPER

CABLE
JUMPER CABLES
PART OF NORMAL
ATM HARDWARE

SHORT

LOAD
BATTERY REGULATOR 4

A repair of two CBRs that have different malfunctioning circuits is shown.
Result of repair is to place back into operation an equivalent of one CBR.
The example shown depicts the situaticn of one CBR having a malfunctic-ing
charger circuit which places entire CBR into ar inoperative state and a
second CBR that has a failure in the battery. Combining the good parts

of each CBR results in providing power to suvpply ATM load,

Jumper between Major Units of CBR

Figure 4

11.3.9
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operation. The additional CBR's
vrere designed-in redundancy in
case one or more malfunctioned.

Because the weight of the ATM
had to be reduced, and space was
not available on the rack to mount
all the required components, the
number of CBRs was reauced from
24 to 18. Therefore, the original
designed-in redundancy no longer
exists. At present, at least 16
CBRs must operate. If the power
requirements increase, all 18 CBRs
(no redundancy) will be required for
the ATM to operate successfully.
The probability that all 18 CBRs will
operate for the 56-day mission is
z.pproximately three percent. The
rower system is mission critical--
the successful operation of all other
systems depend on the proper opera-
tion of the power system.

The tape recorders are not a
mission critical item. Their loss
will not result in the loss of the
mission, but will result in the loss
of support systems and experiment
d~ta. Past history indicates that
tape recorders have a high probabil-
ity of failure. Because the tape
recorders are not mission critical,
replacement should be considered
only if the capability to replac: the
CBRs is to be provided. The devel-
opment of the tools, equipment and
techniques necessary to perform the
repair cannot be justified to replace
only the tape recorder; lut, if the
CBR's are to be replaced, then the
only additional requirements to ".e-
place the tape recorders are (1) to
mcunt the recorders to be easily
removable by an astronaut, and

(2) to provide on-board spares.

VALUE OF SPACE MAINTAINABILITY

What is the value of the recom-
mended repair capability in terms
of increased probability of program
success? To determine this value,
a reliability evaluation was per-
formed. Figures 5 and 6 and table
2 depict the buncfits of space main-
tainability.

Figure 5 shows the probability
of both 18 CBRs a1 116 out of 18
CBRs operating for 224 days with
and without the capabi’ity of replace-
ment during the mission. The level
of probability depicted in figure 5--
that all 18 CBRs or 16 out of 18
CBRs can be maintained in operating
condition by replacing a malfunction-
ing unit is based on two spares being
available. If more than two spares
are available, the level of probabil-
ity car be raised. A third spare
almost doubles the level of probabil-
ity that 18 CBRs can be maintained
in operation for 224 days. The
checked area indicates the increased
probability of all 18 CBRs operating
if replacement is provided, whereas
the striped area indicates the in-
creased probability of 16 out of 18
CBRs operating if replacement is
provided. If resupv.ly of spares is
available on a periodic basis, a
desired level of probability can be
sustained indefinitely. If every 60
days the supply of spares can be
replenished, the probability that all
18 CBRs will operate suc-essfully
for 224 days is the same as for 56
days. Without the repair capability,
the probability that all CBRs will

¥
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operate for even an additional 60
day is nil.

In figure 6, the striped and
checked areas show the gain in
reliability of recorder operation
utilizing the repair technique with
two and three spares available,
respectively. As the reliability of
the recorder to be used on the ATM
was not available, table 2 was pre-
pared giving the reliability for 56,
112, 168, and 224 days for a given
mean time between failure (MTBF).

Although repair may significantly
increase the probability of program
success, the capability to perform
inspace repair requires additional
weight. For the three repair tasks
considered feasible on the ATM,

the necessary weight is estimated

at 250 pounds on the ATM and 490
pounds on some other element, prob-
ably the Multiple Docking Adapter.
This means a trade off decision
between the gain in reliability through
in-space repair and the extra weight
which must be placed in orbit to
implement the repair.

REPAIR SIMULATION

Mock-up of an ATM panel and
of a mobile work station were con-
structed so that removal and replace-
ment of a CBR can be simulated with
a five-degree-of-freedom simulation
under shirt sleeve and space suit
conditions. The objectives of this
simulation are (1) to check clear-
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N Peasisinst—
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.80 1 =2 d
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.70" L - Il 1
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o .40
+364
.20
.10

v \2 v T

0 .10 .20 .30 .40 .50

60 .70 .80 .90 1.00

R (OF ONE RECORDER)

Probability of Successful Recorder Operation with repair capability

Figure 6
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ances for removal of CBRs, (2)
determine optimmum work position of
the astronaut at each location, (3)

to determine the best position of the
mobile work station at each location,
(4) to assess the difficulty of remov-
ing the bolts under zero G in a space
suit, and (5) to determine the use-
fulness of a specially aeveloped tool
in removing bolts. These tests have
not yet been performed.

CONCLUSION

Space maintainability can
greatly augment the probability of
program success. Therefore,
space maintainability is a technique
on which design must and should
rely. But if design is to rely on
this technique, then a means must

be developed to select the most
meaningful repair tasks and to assure
that the capability to perform these
tasks will exist during mission opera-
tion. To accomplish this, space
maintainability should be established
as a program requirement from the
design concept phase through mis-
sion completion. Documentation
should be developed setting forth
space maintainability program pro-
visions necessary to carry out this
requirement. A document, ''Space
Maintainability Program Provisions, "
is under development to establish
common requirements for applying
this technique, for selection of re-
pair tasks, and for implementing

the selected maintenance and repair.

This study of an operational
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program has provided insight and
knowledge s to the problems, tech-
niques, and procedures for imple-
menting space maintainability into
future programs. However, the
most important contribution is a
verification that program reliability
can be sigi.ificantly increased, from
10 to 30 times or more, through the
use of in-space repair and mainte-
nance.
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HUMAN WORK PERFORMANCE IN SPACE

Otto F. Trout, Jr., and Paul R. Hill

NASA Langley Research Center
Langley Station, Hampton, Va.

SUMMARY: Methods of manual performance of extra-
vehicular and intravehicular work in space are being
investigated by means of simulation techniques in order
to develop locomotion and restraint aids, equipment
design data, and manual task procedures. Simulation and
flight experiences to date have provid<a insight into
problem areas for application to maintenance, repair,
and assembly tasks during space-flight operations.

INTRODUCTION

How does man accomplish use-
ful work in space, what are his
capabilities, and how do we design
spacecraft systems for the effi-
cient performance of manual
operations under weightless condi-
tions? In order to answer these
questions, NASA has been con-
ducting advanced research and
development on man's EVA and
IVA capabilities. Conceptual
studies of future space vehicles
have also indicated that the eco-
nomical accomplishment of
extended flights requires a thor-
ough understanding of human work
performance as well as engineer-
ing data on man's biomechanical
capabilities, physiological limita-
tions, energy expenditure, and life
support requirements. Therefore,
in support of future missions,
human factors research has been
in progress for several years.

Data are being developed by the
use of simulation techniques

supported by the actual EVA
flight experience of the Gemini
program. Simulation techniques,
especially neutral buoyancy, have
given us a powerful tool for the
detailed e¢amination of many
EVA and IVA operations and have
furnished valuable insight into
human work performance in space.

ANALYSIS AND DATA

Two major factors degrade
the astronaut's ability to work in
space: first, the lack of traction
due to gravity and, second, the
reduced mobility, dexterity, and
tactility caused by the pressur-
ized suit. Considerable prog-
ress has been made in providing
traction and developing new
operational procedures through
the use of simulation techniques.
Progress in developing more
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suitable pressure suits for work-
ing in zero gravity has been slow.

Traversal to the worksite is
necessary at the beginning of any
EVA task. Figure 1 shows a
pressure-suited subject making
egress through a transparent
model of a space-vehicle air lock
during neutral-buoyancy tests.
Ingress-egress operations through
air locks with various length-
diameter ratios have been investi-
gated to determine performance
envelopes and modes of operation.
Locomotion and turnaround in the
air lock are accomplished by
bracing between surfaces.

Figure 2 shows the experimentally
derived length-diameter perform-
ance envelopes between possible
and impossible operation with the
suit configuration shown in

figure 1.

Means of locom.uiion about the
exterior of the spacecraft have
been investigated, including
magnetic shoes, Velcro foot pads,
ladders, handholds, and single and
double handrails. Traversal by
means of handrails has proven
more practical than the other
methods investigated but is not
without difficulties. Figure 3
shows the astronaut traversing
along a handrail under water in
preparation for the Gemini XII
mission. Operations of the
subject with his body parallel to
the handrail were complicated by
a tendency to rotate about the
handrail and by difficulty in main-
taining body attitude parallel to it.
In this case the procedure devel-
oped was to operate with the body
perpendicular to the handrail.

1. 1.2

Body attitude in yaw and roll are
then controlled by simultaneous
application of force with both
hands. Better control of rotation
about the handrail can be
achieved if its cross section is
oval or rectangular rather than
circular., Locomotion proce-
dures which proved successful
during the neutral-buoyancy
simulation training were equally
successful in space. Where
handrails can be provided for
traversal about the exterior of
the spacecraft, they are superior
to reaction propulsion devices,
which are less efficient and
require storage and preparation
outside the spacecraft.

Two approaches are available
for the performance of work
tasks. One is to place the
astronaut in a coplaner orbit,
provide him with a reaction pro-
pulsion unit for maneuvering,
traversing, and materials
transfer, and provide him with
torqueless tools for his opera-
tions. The second approach is
to provide him with adequate
traction to accomplish the task
in place.

For certain tasks, only a
small amount of traction is
necessary. Figure 4 shows a
test subject assembling compo-
nents of an antenna while
operating from a semi-free-
floating 1zode. Light tasks not
requiring sustained application
of force can be performed effec-
tively in this manner, since the
subject can intermittently
correct body attitude and tra-
verse by grasping elements of
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the structure. This method has
the advantage of requiring no
other means of traction, but a
safety line is necessary to prevent
the subject from drifting from his
worksiie. By slow and deliberate
operations, the astronaut can
minimize the loads imparted to
the structure. Thus, it may be
possible for him to assemble
lightweight structures in space
which would not be able to
support their own weight on the
ground.

Where greater traction is
required for the application of
moderate forces or for the inter-
mittent application of large
forces, the astronaut's body must
be restrained in some manner.
Figure 5 shows the Gemini XII
astronaut using a ratchet wrench
on a bolt during neutral-buoyancy
tests while restrained with a
double waist tether similar to a
window washer's belt. While
using this restraint, he corrects
body position by grasping a fixed
object or handhold and by con-
tacting the surface of the space-
craft with his hands and feet.
This restraint system is not
practical unless the astronaut can
contact the spacecraft wall with
his hands to control the pitch
attitude of his body, and is not
suitable for tasks requiring the
use of two hands on a continuous
basis. Excecllent corre‘ation was
obtained with the neutral-buoyancy
simulation of the task and the
Gemini XII flight, since move-
ments are sufficiently slow to be
influenced very little by the damp-
ing effects of the water. A
number of variations of the waist

tether have been tried. Rigid
waist tethers are generally less
advantageous than the flexible
straps since they restrict move-
ment about the worksite and are
bulkier to carry.

Neither of the working modes
previously described are satis-
factory if it is necessary to
apply large sustained forces.
Stronger, more rigid restraints
are then necessary. One solu-
tion is to restrain the feet in
some manner to approximate the
standup working mode at earth
gravity. A number of different
restraints have been investi-
gated, including Velcro foot
pads, foot stirrups, toe traps,
ski footholds, and rigid foot
restraints. Figure 6 shows the
use of the familiar '"Dutch
shoes' on the final Gemini
mission. This type of restraint
allows the astronaut to apply
large sustained forces or work
freely with both hands on more
intricate tasks. He is able to
control his movement backward
for 90° and to either side for
45°, However, he is restricted
to a fixed worksite. Weightless
simulation experiments have
indicated that the traction pro-
vided by this restraint system
enables a man to manipulate
masses up to several hundred
pounds. This restraint system,
however, has the disadvantage
that it must be moved each time
the worksite is changed or else
an additional set of restraints
must be provided.

The concept of a stationary
worksite is illustrated in

i.1.3
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figure 7. The astronaut assem-
bles the components of 2 major
structure from a fixed work plat-
form. The structure is manipu-
lated to new positions and
reattached to the worksite as
necessary to continue assembly.

For even larger assemblies in
space, components could be
managed from an articulated cage
similar to a '"cherry picker."
Figure 8 shows experiments with
a cage type of system from which
the subject was able to work effec-
tively under simulated weightless
conditions. He braces himself
within the cage and is restrained
by a waist tether which prevents
him from floating out.

Experiments in weightless
simulations and during the Gemini
flights indicate that most common
handtools can be effectively used
if they can be manipulated with the
pressurized glove and if suitable
restraints are used to provide
traction. Means of retaining both
the tools and fastening devices are
required, and therefore the
number of tools and parts should
be kept to a minimum. Experi-
ments with captured quick fasten-
ers and self-alining devices
indicate that the assembly time
can be reduced by a factor of up
to 10.

The transport of large and bulky
masses has been explored by
simulation techniques. Manual
transport of masses while tra-
versing on a handrail is difficult
because both hands are required
for locomotion. Figure 9 shows
."e test subject moving a

ii.1. 4

150-pound mass by this method.
A better, but not entirely satis-
factory. technique is for the
subject to carry the mass on his
back. Figure 10 shows a
summary of energy expenditure
measurements during typical
transport tasks, derived from
portable metabolic measuring
equipment carried in the back-
pack. Similar measui cments
are being made on various EVA
tasks to determine the
workloads.

Since all but a small percent-
age of the astronaut's time will
be spent inside the spacecraft,
research is being conducted nn
the various IVA work tasks.
During IVA the astronaut's capa-
bility and dexterity will be
greatly improved if he is not
required to wear a pressurized
suit. Floating away from his
worksite will be less of a
problem if the walls and equip-
ment are close enough to provide
traction.

The principles for manual
performance of IVA tasks are
similar to those for EVA work.
Figure 11 shows a neutrally
buoyant test subject free-floating
while working in the interior of
a mockup. Many light short-
duration tasks can be performed
by this mode of operation.
Conveniently located handrails
and closely spaced walls enhance
the astronaut's ability to
locomote, maneuver, and main-
tain his work position. The
free-floating work mode is not
suitable for tasks requiring
sustainead forces or for intricate




tasks requiring the use of two
hands simultaneously.

As illustrated in figure 12, the
use of the waist tether for IVA
did not Lhave any advantage over
the iree-floating mode when trac-
tion could be attained kv contact-
ing or bracing against interior
walls. Small rooms or compart-
ments are advantageous in space-
craft since they aid in working,
traversing, and maneuvering.
Utilization of cabin space can be
more efficient than under gravity
conditions since the astronaut is
not restricted to an upright
position.

For lengthy IVA tasks at a
fixed worksite or for intricate
tasks requiring the simultaneous
use of both hands, foot restraints
have proven advaniageous.
Figure 13 shows a test subject
using a set of flexible rubber toe
traps while working at a bench.
This mode allowed him to work
on intricate tas..s with a dexterity
simiiar to that at earth gravity.
Veicro foot pads were not satis-
factory because they tore loose
when the subject leaned backward
and tried to right himself.

Figure 14 shows the subject
working at a control console
wkile seated in a chair with a
safety belt during simuiated
weightlessness. This mode was
satisfactory for working at a
control console for long periods
of time provided the controls were
within his reach. In addition,
intricate assembly-disassembly
operations on small equipment can
be accomplished in this mede.

Figure 15 shows the IVA test
subject going through an exer-
cise routine while suspended by
a waist tether stretched between
two walls. This method of
exercising in a weightless state
has the advantage that only minor
disturbances are imparted to the
spacecraft, even when the exer-
cises are vig.rous.

The use of tools in IVA tasks
is similar to that in EVA except
that they are -asier to manipu-
late without the pressurized
gloves. Too's and objects within
the cabin need to be retained
when not in use but need not be ‘
tethered as in EVA, since they
can be recovered. ;

CONCLUDING REMARXS

Since each man-hour in space
will cost thousands of dollars,
it is necessary that human
factors data be made available
to the designers in handbook
form, task procedures thorcughly
developed and rehearsed,
support hardware tested, and
time lines developed by simula-
tion techniques well in advance
of the space flight. In addition,
the astronauts should be trained
through the use of simulation
techniques to complete each
assigned EVA and IVA
operation.

A 4-minute movie will be
shown to illustrate some of the
tasks that have been discussed
in this paper.
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THE MECHANICS OF WORK IN REDUCED-GRAVITY ENVIRONMENTS

E. C. Wortz, Ph.D.

Garrett/AiFcsearch, Department of Life Sciences
Los Angeles, Califorria

SUMMARY: Research data on weightless and lunar gravity
performance are considered on a single continuum of
reducec traction. Apparent contradictions in the
effects of reZuced gravity on upper torso work and loco-
motion are resolved. It is concluded that reduction in
tracticn systematically reduces the efficiency of work
for all reduced-gravity conditions.

INTRODUCTION

The thesis of this paper is that
work at reduced gravity is a con-
tinuum of effects that are zonsis-
tent from earth gravity through
lunar gravity to weightlessness.
Consequently, the problems of work
to be expected at lunar gravity or
weightlessness can be elucidated by
tests at other levels of reduced
gravity, as well as by simulation
of the anticipated gravity condi-
tions. Since neither lunar gravity
nor weightlessness can be simulated
with perfect fidelity, the finding
of systematic effects with reduction
in gravity adds confidence to the
general effects that might be pre-
dicted.

The space walks have demorstrated

that human performance capability in
space is dramatically different from
that on earth. In general, the
astronauts have observed that tasks
in weightlessness aie significantly
more difficult than they are on
earth. Terrestrial studies using a
variety of simulation techniques
have yielded similar findings. The
effects of reduced gravity and
reduced friction environments on
human performance are generally to

reduce work capabilities and increase

task times.'-'® Tests to determine

the effects of these environments
on energy expenditures indicate a
corresponding increase in the meta-
bolic rate for tasks performed in
simulated weightlessness and other
levels of simulated reduced
gravity.*>'%'!  0n the other hand,
results of research on energy
expendi tures at various levels of
reduced gravity '?7'3 conversely
indicate a reduction in metabolic
rate for walking at simulated lunar
and other subgravity levels. Walk-
ing, loping, and running tests
during simulated lunar gravity
confirm these metabolic observa-
tions by demonstrating improvement
in these activities.

15-22

The results of these experi-
ments are summarized by Prescott
and Wortz'! and Wortz and Prescott!?
and are presented in Figure I. As
shown, energy expenditures for a
given upper torso task are system-
atically increased as the level of
simulated gravity (i.e., traction)
is reduc.d. When no external work
is involved, however, as in the
case of calisthenics, reduced trac-
tion does not affect metabolic rate.
On the other hand, the energy cost
of locomotion is systematically
reduced when traction is reduced.
The systematic increase in energy
expendi ture for upper torso work

2.1
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as traction is reduced and the
decrease in total energy expenditure
for locomotic. at reduced gravity
are seemingly contradictory.

Discussion

A simplified view of the mechan-
ics involved reveals that the major
alteration occurring in reduced-
gravity environments is a reduction
in traction. Traction is partially
reduced under lunar gravity condi-
tions and completely eliminated in
weightlessness. The functional
utility of traction in performing
work is.as the primary source of
the counterforce (counteractive or
reactive) during work. If the
counterforce is reduced, then,
according to Newton's third law,
the amount of work that can be
accomplished must also be reduced.
If the task is constant, however,
and the tractive environment is
altered to a point such that the
normal counteractive force supplied
by tractiorn is less than the work
to be done, then either the task

Fli.2.2
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cannot be accomplished or a supple-
mental source must be found for the
counterforce. In reduced-gravity
environments, a supplemental
counterforce is supplied by several
means. The most common technique
for both I-g and weightless situa-
tions is to use one arm to accom-
plish the task and the second arm
to transmit the reactive force to

a load-sustaining object, e.gq.,

the spacecraft. Other means of
accomplishing this load transmis-
sion, as reported by Wortz, et
al,'? are by Jusing various tether-
ing systems, wedging the body into
an opening, and using the

skeletal structure in combination
with a tether in the "lineman's
posi tion.”

The energy balance for upper
torso work under all tractive con-

di tions may be expressed by the
equations below.

8Q_(E)
or AQm

%
A Qe * O

+ Qs + Qn

where ;Qm metabolic cost of

work

Qw - amount of energy
utiiized in perform-
ing useful wvork

QwC = energy spent in
supplying the counter-
active force

Qwr = energy required to
restore the body to
the prework position

Q_ = energy stored as body
S
heat
Qn = net heat loss
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Consequently, as tractior is
reduced for a given task, the mus-
cular energy required to supply the
counterforce must increase to main-
tain the mechanical conditions
necessary to accomplish the work.
In other words, the total energy
required to accomplish the same
task is increased as traction is
reduced. Since the efficiency of
work is E = Qw/AQm’ the efficiency

of work is reduced as traction is
reduced.

In the investigation of prob-
lems of working in weightlessness,
an experimental advantage occurs in
that it is relatively easy to
measure the action and reaction
energy involved under these condi-~
tions as compared to that under
earth gravity conditions. 1In a
current program for NASA under Con-
cract NAS 1-7571, AiResearch has
instrumented task equipment to
measure the energy level involved
in the action and instrumented
various restraint systems to measure
the energy seen in reaction. If we
divide the action energy, MA, into

two pertions--that involved in use-
ful work, MA , and that consumed
_task
otherwise, MA
- other _
M to the reactive load y
A R
task
have a method of evaluating_tasks
and restraint systems. If M /
A
task

ﬁk = 1.00 for a given task in a

restraint system, the work is being
efficiently performed if M /M

A R

task

< 1.00; there is work being per-
formed that is not part of the task,
and the task or restraint is ineffi-
cient. Table | illustrates some of
the data obtained under this pro-
gram.

--and compare

we

TABLE 1

TYPICAL MEAN VALUES OF M /M
A R
task

H Type of Restraint

Gemini Foct |Gem:ni Foot Cage
Restrair? Restraint Restraint
| wr LR with with
i Tasx Two Tethers jSingle St.ap {Single Strap
Le.e:. push/ou!l! ‘ C.43 Q.65 1.90
{tesrr. pust/pult | 0.55 2.59 .89
1
['Ah:'eh turque Q.35 0.8 0.85%
*31¢  torque 0.67 1.0¢ Q.7
Bolt. torc.e 0.49 Q.42 Q.08

The alteration in metabolic
rate for the accomplishment of a
given task in weightlessness should
reflect the additional energy
required to supply the reactive
force by means of the musculo-
skeletal system over and above the
energy required for the task
itself. The appropriate design of
tethers and restraint aids to
transmit the required reactive
force, however, should result in
metabolic levels that are no higher
than those for earth gravity condi-
tions. When aids are not available
for the transmission of the neces-
sary counterforce, the work cannot
be done. For example, wortz??
reported that subjects at simulated
lunar gravity conditions could not
exert a lateral force of !5 ft-1b
while pulling a cable to lift a
weight.

With respect to locomotion in
reduced gravity environmer.t, sev-
eral parameters such as ga.t. sur-
face characteristics, ard limb
segment velocity are relevant.
Figure 2 presents data on energy

111.2.3
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expenditures for locomotion while
wearing street clothing at | g and
at simulated lunar gravity (approxi-
mately 1/6 g) in various simulators.
It is apparent that the energy
expenditures for lunar gravity are
substantially lower than I-g walking
data indicate. Figure 3 presents a
summary of the data taken from
studies of walking in pressure suits
at | g. If these data are compared
with the I-g shirtsleeve walking
data, the enormous penalties of the
pressure suit in | g become readily
apparent. For example, at 3 km/hr,
the metabolic cost of walking is
approximately 2.5 kcal/min. With
pressure suits, on the other hand,
the cost varies from 5.5 kcal/min

to 10.5 kcal/min, depending upon

the suit worn. At conditions of
simulated gravity, Figqure 4 however,
the metabolic cost for lccomotion in
pressure suits at 3 km/hr is reduced
to a range of 2.8 to 4.6 kcal/min,
depending upon the suit worn., It is
interesting to note that the RX-2

suit, which had the highest metabolic

cost at | g due to its substantial
weight, has one of 4“e lowest energy

111,2.4

requi rements at 1/6 g. This
<omewhat indicates the preferential
tradeoff for mobility over weight
at 1/6 g.
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Thus a simplified view of
walking in reduced gravity may be
to consider the task as being analo-
gous to carrying weights while walk-
ing. As gravity is reduced, the
weight carried is consequently
reduced, and the energy expended for
the task is similarly reduced. An
effective method of testing this
concept is to reduce traction, simu-
lating reduced gravity, and to add
weights to the subject to return him
to 1-9 weight. This was accom-
plished in a series of company-
funded tests at Garrett/AiResearch
with the six-degrees-of-freedom net
suit simulator previously
reported.''>!'? The independent
variables were levels of simulated
traction, the walking velocities,
and the weights that the subjects
carried. The subjects were placed
in the simulator and allowed to
stand on a scale, while counter-
weights were added until they were
at the desired level of traction,
as indicated by the reduced weight
or the scale. Lead weights were
attached to the subject for the
weight-carrying tests. The mean
values of metabolic rates for 10
subjects were then ascertained for
i, /2, 1/4, and 1/6 g; at these
levels, weights were carried to
return the subject to I-g weight.
The comparison with I~-g data can
best be represented in terms of per-
centage change in metabolic rate
from the I~g condition. Figure 5
itlustrates the data for the 4.0-mph
walk. The figure shows that, as the
simulated level of gravity is
reduced, a proncunced decrease in
energy expenditure occurs. When
weights are added to the subjects to
return them to their original (pre-
simulation) weight, only slight
increase in metabolic rate occurs,
despite the substantial increments

in the total weight being transported.

The results shown in Figure 5 sub-
stantiate the concept that weight
reduction is a primary mechanism in

® REDUCED GRAVITY SIMULATION

O REDUCED GRAVITY SIMULATION WITH WEIGHTS
ADDED TO RETURN THE SUBJECT T0 IG

LI NUMBER IN BOX INDICATES POUNDS OF WEIGHT
CARRIED BY A 165 LB SUBJECT
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FIG. 5 METABOLIC RATES FOR A 4.0-
MPH WALK AT SIMULATED
REDUCED GRAVITY, WITH AND
WITHOUT WEIGHTS

producing walking metabolic rates
that are lower at reduced gravity
than at | q.

Similar data were found in a
current NASA program, "Man's
Physical Capabilities on the Moon,"
under Contract NAS |1-7053. A por-
tion of the tests in this program
involved irvestigating the effects
of carrying packs of different
weights. The results of tests on
the inclined plane simulator while
carrying packs of 12.5, 40, and
66.6 1b with masses or earth
weights of 75, 240, and 400 1b,
respectively and wearing the G2-C
suit, are shown in Figure 6. Little
difference is seen between pack
weights for velocities up to
10 km/hr. 1In all probability, the
added traction provided by the
packs compensated for the increased
cost of carrying these weights. In
addition, it should be pointed out
that the high energy expenditure
caused by the relatively immobile
G2-C pressure suit masks many
effects that might be seen in a
more mobile suit or in mufti.
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DATA FROM CONTRACT NAS i-7053
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The factors of traction are
also significant; this is amply
demonstrated by a significant
decrease in the efficiency of walk-
ing, even though the total energy

expendi ture is dramatically reduced.

This condition is cogently shown by
Robertson and Wortz'* and illus-
trated in Figure 7. Figure 4 had
shown a ‘dramatic reduction in
metabolic rate from | g to 1/6 g
for subjects walking while wearing
the RX-2 and A5-L pressure suits.
Figure 7, on the other hand, illus-
trates these data in terms of the
lunar weight of the subjects; the
metabolic rate is plotted in terms
of body weight for the iunar
gravity conditions. The higher
cost of walking at 1/6 g (per kg on
the lunar surface) indicates a sub-
stantial reduction in walking

11.2.6

efficiency at 1/6 g. The higher
cost (per kg) for the A5-L suit
over the RX-2 suit indicates an
increase in efficiency of work
for walking with the heavier unit.

CONCLUSIONS

Nothing mechanically novel is
involved in solving the problems
of work in weightiessness or other
reduced-gravity conditions.
Because the mechanics of work at
reduced gravity is straightforward,
the appropriate engineering appli-
cation of statics, kinematics, and
dynamics should permit the design
of load traonsmission devices that
will improve the efficiency of
work to allow metabolic rates

equal to, or lower than, those
required for the task at | gq.
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MAN/SYSTEM LOCOMOTION CONTROLLER CRITERIA
FOR EXTRATERRESTRIAL VEHICLE - PHASE 2

Jon G. Rogers, Ph. D.

NASA, MARSHALL SPACE FLIGHT CENTER
Huntsville, Alabama

Summary: The prcgram objectives were to define the minimum human factors
requirements for steering, navigation and caution warning systems for a small

open cockpit lunar driving vehicle.

INTRODUCTION

Based on Mercury & Gemini
successes, NASA is now looking
ahead to post-Apollo space missions
and requirements so that adequate
preparation can be made for future
programs. An important phase of
America's space program planning
is lunar inhabitation and exploration.
Beyond tLe scientific significance of
lunar investigations, the moon has
often been mentioned as a possible
"way station’ for advanced extra-
terrestrial missions. This .mplies
permanent facilities, including
scienfific laboratories, storage

facilities and personal living quarters.

This also implies some form of lunar
transportation, for from the time the

initial lunar exploration party arrives

man will need some method of
traversing the lunar terrain.

In anticipation of this requii cment,

the George C. Marshall Space Flight

Center (MSFC) has been conducting
design studies in support of manned
lunar transportation. One proposed
system is the Mobile Laboratory
(MOLAB). This vehicle would be
capable of traveling the lunar
surface carrying two astronauts in
an environmentally controlled cabin
with power and provisions for a
two-week scientific journey. As a
more economic alternative to the
MOLAB, a smaller, less refined
Lunar Local Scientific Survey
Module (LSSM) has been proposed.
This one-to-two man, open cockpit
LSSM would have a shorter range
than the MOLAB but would be less
complicated. It would weigh less,
cost less to develop, and be avail-
able for service at an earlier d-’e.

In anticipation of this information
requirement the George C. Marshall
Space Flight Center (MSFC) has
been conducting preliminary design
studies in support of manned lunar
exploration and particularly the
LSSM.
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The human engineering of any
lunar surface system is viewed as
extremely critical. The terrain
composition, visual environmental
characteristics and the psychophy-
siological stresses to be encountered
by the first humans to traverse the
lunar surface are presently unknown.
In addition to these factors, lunar
gravity, use of pressure suits for
long periods and the need to be able
to respond quickly to emergencies
make it important that the man-
machine combination of a lunar roving
vehicle system represent the most
efficient design possible. In order
to obtain maximum vehicle-operator
perfcriaance, a highly efficient crew-
stnticn nust be developed. Crew
«tadon criceria must be based on an
ass2:sment ot the effects on human
performance produced by conditions
which will be encountered on the moon.
Definition of crew-station criteria can
only be achieved by real-time, high-
fidelity mission simulation prior to
actual lunar operations. To assure
that criteria thus de:zived are valid,
careful attention must be given to
identification of appropriate variables
and development of experimental
design techniques and procedures, if
meaningful results are to be obtained.

In order to insure relevant areas
of research a comprehensive mission
and systems analysis was completed
to:

1. Establish ba:zline mission
and system requirements and

2. To analyze in depth the mission-
vehicle-operator-system functional
interface.

The specific experimental test
programs reported here were deter-
mined from the results of the mission
system analysis.

"n.3.2

1. Locomotion Controllers

No system has employed a broader
range of concepts during the design
development phase for lunar roving
vehicles than the vehicle controller.
Wheels, tillers, dual and single
sticks and foot pedals have all been
suggested. Right-and left-handed
operations have appeared with switch-
ing functions located on the controller
to operate skid steering and forward-
reverse modes. They have incorporated
proportional and fixed speed velocity
controls; automatic and locked throttle
devices; proportional closed-loop and
open-loop fixed steering rates, and
various integrated control, throttle
and brake innovations. Neutral dead-
bands have varied from a few degrees
to 450. This multitude of design
concepts was initially reduced during
the mission~vehicle systems analysis
phase and are reported in Experiment
|

2. Navigation Aids

Although the lunar terrain is abun-
dant in rocks, mountains and craters,
it presents a degraded cue environment
relative to earth stimuli. Recent lunar
roving vehicle research studies have
shown that without adequate navigati-
onal aids the chance for a successful
mission and safe return are drasti-
cally reduced because subjects become
disoriented and "lost". Additional
data were obtained which show that the
addition of topographical terrain maps
with marked courses is still not
adequate, even for distances of about
1/3 of a kilometer. Although the
addition of directional gyro and odo-
meters aided in the navigation of lunar
roving vehicles, the operators still
became disoriented and "lost'". During
an actual mission even a single "'lost"
condition cannot be tolerated. The
conclusion reached from past experi-
ence is that it is possible to become
"lost" on the lunar surface unless
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sufficient sophisticated navigational
aids are provided.

3. Caution-Warning System

Present lunar roving vehicle caution-
warning (C/W) system concepts use a
transmitced tone, picked up by the
Portable Life Support System (i’LSS)
receiver as an alerting signal, combined
with visual displays. (either electro-
mechanieal indicators or lights}. Con-
siderable doubt still exisis as to the
optimum caution-warning sys‘em stimuli.

Approach The Exnerimental Approach
consisted of static compuier-based visual
simulation. The visual siraulator was an
Air Force SMK-23 Aircraft Visual
Traveling Simulator modified by the
Marshall Space Flight Center, Computation
Laboratory, Simulation Bra.ach, The
modified SMK-23 consist2d o a television
camera and model unit, and a projector-
screen which presents a view o1 the lunar
terrain to be traversed to the cockpit
simulator operator. The three~dimen-
sional terrain model is supplied on a large
roller belt, 4 feet wide by 26 fer® 1] inches
long, with the ends attached sc that it
provided continuous motion. An area of
lunar terrain 600 feet wide by 4060 feet
long is represented in a scale of one 10
150.

The television camera scans the three-
dimensional belt model with an optical
pickup that provides roll, pitch and yaw.
To allow for the close approach of the
optical(camera lens) to the terrain model,
the initial element in the optical chain
is only about 2 millimeters in diameters.
The depth of field of the optical system
permits a minimum viewing distance for
terrain ¢hjects of 12 to 20 feet, and a
maxinwum viewing distance of approximately
2000 feet (at the end of the belt).

The picture obtained from the camera
and model unit is provided by a video link
to an Eidaphor projector, which is a

control layer-type projector that
projects the image on a 12-by-16 foot
screen.

The construction o the lunar terrain
belt raodel was based on Ranger VIII
photographs with a scale of 1 to 150.
This scale was selected to accommo-
date terrain sensors and to correlate
with the visual picture with the dyna-
mizs of the simulated vehicle as it
reacted to the terrain surface features.
Original lunar terrain area used was
easily driven, presenting no real
obstacles or navigation cues. There-
fore, modification were made on the
basic terrain map belt by adding
several distinguishing terrain features
in the form of hills, peaks, ranges
and fields of rubble.

EXPERIMENT I
LOCOMOTiON CONTROLLERS

It was previously noted that a
aumber of candidate vehicle controller
concepts have been pruj osed. An
attempt was made, therefore, in the
first experiment tv select a represent-
ative sample of the various steering
and throttle conditions and combinations.
The various steering and throttle cond-
itions are listed below:

Sieering

1. Wheel - 240° lock-to-lock
power assisted.

2. Wheel - 4 turn lock-to-lock,
mechanical.

3. Stick controller - Discrete
Operation Mode.

4, Stick Controller - Proportional
Operation Mode.

Throttle

1. Stick Controller - Discrete
Operation Mode.
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2. Stick Controller - Proportional
Operation Mode.

A brief description of the selected
controls, their mode of operation and
reason for inclusion in the experimental
program is given below.

1. Steering

a. Wheel - 240° lock-to-lock,
power assisted: Of all possible steering
devices this is perhaps the most obvious
one for investigation since by far the
greatest number of vehicles that mai:
operates are controlled in this manner.
Tk, 2 maximum amount of positive
transfer of training would be obtained.

Tn addition, tkis concept has been pro-
posed on several open cockpit vehicle
design studies indicating popular support
for this type of controller. The wheel
operates in a normal fashion with a full
travel of 240" which corresponds to a full
turn capability of the vehicle wheels. The
power assist reduces the operators work
load.

b. Wheel - 4 turn lock-to lock,
mechanical: Inpart, the rationale for
inclusion of the mechanically operated
wheel in the experimental study cciacides
with that listed for the power assisted
wheel; namely, the familiarity and pre-
vious practice possessed by an LSSM
crewman with this device. Also, this
concept has been suggested in previous
design studies but primarily as a backup
mode. This means that a mechanical
wheel, with its fairly high reliability
factor, could be used in case the primary
steering device failed. With complete
mechanical operation from steering
wheel to vehicle wheel, the possibility of
a steering system malfunction is greatly
reduced. The fact that the system is
purely mechanical relegates it to one of
a backup mode however. Force require-
ments can be reduced by incorporating
into the steering system a gear reduction
device. Thus, the operating force can be

1.3.4

brought to a reasonahle level but at
the sacrifice of requiring more turns
of the wheel to accomplish an equiva-
lent travel of the vehicle wheels.

c. Stick Controller-Discrete
Operation Mode: The stick has long
been used as a method of controlling
aircraft. The Apollo spacecraft uses
a stick controller. Of all control
devices reviewed, the stick controller
(with variations) was the one most
often suggested. In addition, and in
contrast to the wheel, a stick controller
can be mounted to the side of the
operator leaving the area in front of
the driver clear for easy access to and
fram the LSSM vehicle. The discrete
operation mode refers to the method
in which the hand controller transfers
the operator's inputs into vehicle
wheel motions. To accomplish a turn-
ing maneuver, the hand grip must be
moved to its full right or left position.
Any movement less than maximum
retains the conirol's sensors within
the ""deadband'" region. Once the
control stick reaches the full throw
position, the vehicle wheels begin to
turn in the appropriate direction. To
terminate a turning movement the
operator returns the grip to a '"neutral”
position. The vehicle wheels remain,
however, in the turn angle occupied
at the time of control neutralization
and will remain in that position until
the grip is moved to the opposite
maximum position wherein the vehicle ’
begin to turn back toward a "center"
position. The advantage of such a
design is the reducted inadvertent
control actuations committed by the
vehicle operator du~ to severe vibra-
tions and vehicle movements that are
anticipated for an LSSM type lunar
vehicle.

d. Stick Controller Proportional
Operation Mode: Configuration,
location and operational advantages of
the proportional stick controller
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steering device are all identical with the
discrete controller design. The major
difference between the two concepts is in
the mode of operation. In contrast to the
discrete mode which requires a full right
or left displacement of the contro: before
any vehicle wheel movemer.t is initiated,
any movement of the proportional control
yields a corresponding movement of the
vehicle wheels. Thus, the proportional
steering controller corresponds in oper-
ation to the common automobile steering
wheel. As with the discrete controller,
all movements of the proportional cont-
roller are transferred to the vehicle
drive train el~ctrically so that the
operator's physical work load required
for vehicle control is nominal. The
advantage of a proportional controller
steering device is its common operating
mode with other control devices which the
LSSM operator has long been familiar

(i. e., automobile, aircraft). The prime
disadvantage lies in the ease of inadver-
tent control actuation by the vehicle
operator (with resulting fuel ccnsumption
and constant vehicle steering corrections)
due to vehicle vibrations and movements.

2. Throttle

a. Stick Controller-Discrete
Operation Mode: Operation of the
discrete throttle control is similar to the
discrete steering device; namely, some
fixed distance of control movement is
required before any output signal is
directed to the vehicle propulsion systam.
Several discrete throttle design concepts
were suggested and reviewed. The one
selected for this experiment provided
three discrete power positions: a) O Km/
hr, b) 5 Km/Hr, and c) full throttle
(approximately 10 Km/hr.) The throttle
stick controller operates in the following
manner. At rest, the throttle remains
in the vertical (neutral) position. When
the throttle is moved forward to half
its maximum travel ( 7 degrees), the
vehicle accelerates to 5 Km/hr and then
remains at that speed. The throttle must
then be moved to its full forward position

( 14 degrees) at which time the vehicle
accelerates to its maximum speed
(approximately 10 Km/hr.). The
advantage of such a design is two
fold: a) elimination of inadvertant
throtiie movement by the operator
die to vehicle vibrations ana, b) the
ability to hold the vehicle at a fixed
speed with relative ease. This latter
factor may be of real significance
since a previous study conducied on
MOLAB vehicles indicated that the
most efficient operating speed in
terms of vehicle expendables was a
speed approximately one-half that of
the vehicles maximum velocity. The
disadvantage of such a design is the
difficulty of maintaining some speed
other than those provided in the
discrete modes.

b. Stick Controller Proportional
Operation Mode: Configuration and
location of the proportional throttle
control is identical to the discrete
throttle design. The difference bet-
ween the two is in method of operation.
The proportional hand control functions
the same as the standard gas pedal on
an automobile. Any increase or de-
crease in stick displacement yields a
corresponding increase or decrease
in veb* ‘e velocity. The advantage of
a proporstional throttle control is its
commonality in operating procedure
with other velocity control devices
which the LSSM operator has long
been familiar. Principle disadvan-
tage lies in the ease of inadvertent
control actuation by the vehicle operator
due to vehicle vibrations and move-
ment.

Subjects  The 12 male subjects
used in Experiment 1 ranged in age
from 21 to 36 years and were re-
presentative of the 80th through the
95th percentile man. All subjects
were right handed and possessed
normal, uncorrected vision. All
sukjects were experienced motor
vehicle operators and all were of
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college level educational status. All
subjects had previous space suit exper-

ience, each was in good health and through-

out the training and testing period each
manifested an attitude of cheerful coop-
eration.

Design A 2 4x 3 factorial design with

repeated measures was employed The
levels of the variables were as follows:

Power (proportional vs. discrete), power
and steering relationship (integrated and

not integrated), wheel turn radius (2400
lock-to-lock, and 4 turns lock-to-lock),
Steering Control (proportional and dis-
crete) and Rate (Self paced, 5 KPH and
10 KPH). All subjects received all

combination of conditions with the excep-

tion of power. Each subject received
only one power condition. Each subject

completed a total of 12 course segments.

Dependent Variables

Mission Variable
Distance

Time

Speed
Dynamic Vehicle Control
Human Energy Output
Independent Variable Description

Mean Driving Distance per Segment
of Experimental Traverse

Mean Total Driving Time

Mean Vehicle Speed

Variability of Speed

Mean Number of Steering Movements

Vehicle Deviation from the Desired
Course

Mean number of Throttle Movements

Heart Rate
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Equipment Vehicle Simulation
Systems: NASA/MSFC personnel
effected vehicle simulation system
characteristics by integration of a
physical, fixed base, cockpit system
characteristic of LSSM type vehicles
with a computer-generated vehicle
response capability predicted on a
mathematical model of a MOLAB
type lunar roving vehicle. Although
the two vehicle designs are not identical
the particular MOLAB model choosen
for this study was very similar to
proposed LSSM configurations in
terms of motion equations, suspension
system design, wheel bas., number
of wheels, steering operation (Acker
man) and overall vehicle design. As
a result, vehicle response character-
istics were sufficiently developed to
provide realistic simulation of the
lunar driving tasks for an open cockpit
vehicle.

The simulator cockpit structure is
of modular construction designed to
permit ready exchange of the steering
and throttle control units without inter-
fering with the remaining units (i.e.,
control panel, seats etc.) of the simu-
lator. The static simulator base
provided a mounting platform for the
control panel and requisite steering
and throttle controls required for
each experiment. Two adjustable
aircraft-type scats with associated
restraint harnesses, were placed
in normal positional relationship to
the display/control systems.

With each steering-throttle control
combination seating was arranged
to permit maximum comfort for each
vehicle operator and was adjusted
prior to each test trial. Control of
eye position was not required since
the vehicle is an open cockpit concept
with the subjects field of view, re-
gardless of seat position, limited by
the physical dimensions of the simu-
lator projection screen rather than




by the subjects eye position. During

an experimental trial the subject occupied
the left seat, the experimeanter the right
seat. Thus, the experimenter was
clearly able to observe both the subject
and the image screen simultancously.

The display panel used for all steering
throttle test trials consisted of a com-
pass, high-low gear indicator, high-low
gear switch, a 0 to 20 kilometer-per-
hour range speedometer and .. forward
and reverse switch.

The stick control was mounted on a
pedestal which extended from the sub-
ject's seat forward to a point heyond the
stick. The pedestal top was 27-1/2
inches from the simulator floor, a
height which permitted the subject to
comfortably rest his arm on the pedestal
during the experimental trials. The
grip was located 18 inches to the right
of seat centerline and approximately 19
inches forward of the seat backline.
These dimensions were selected based
on previous design studies for open
cockpit vehicles and placed the grip
controller in a position such that the
operator arm fatigue was not a factor
during the experimental trails. The
grip was a standard-form finger air-
craft-type design with a maximum 14
travel in the forward direction and 10
in the backward direction from a straight-
up neutral position. A backward motion
of the stick served as a brake only. All
vehicle velocity control was regulated
by forward motions of the stick regard-
less of whether the vehicle were in a
forward or reverse mode of travel.

When the stick served as the steering
control&er, the maximum angle of travel
was 20 to either side. Thus, in the
discrete mode of operation the CO&ItI‘Ol
had to be moved through a full 40" angle
of travel to terminate one turning motion
and initiate another in the opposite dir-
ection.

The steering wheel was located
directly in front of the subject on
the seat centerline and tilted 45~ up
with respect to horizontal. A force
of 6 pounds at the rim was required
to turn the 14 inch diameter wheel
under all conditions in which the wheel
was used. This force corresponds to
that proposed for actual LSSM type
vehicles regardless of whether the
system were straight mechanical
linkage or power assisted. The wheel
was construcied so that a minor ad-
justoment could alter the wheel from a
240" full turn design to one requiring
4 turns lock-to-lock to accomplish
the same vehicie wheel turning cap-
ability. The relationship between
wheel location and seat position was
established for each subject to pro-
vide individually selected positions
of maximum comfort. This univer-
sally resulted in a seat pos:‘ion which
provided a slightly less than fully ex-
tended arm when the subject placed
his hand on the wheel at the 12 o'clock
position. This provided the subject
with sufficient clearance between
himself and the wheel while remaining
within the space suit extention capa-~
bility.

Since the objective of the experi-
ment was to evaluate various steering
and throttel control designs during
simulated lunar driving operations
it was important to eliminate or hold
constant other driving tasks which
might mask the effect of the locomo-
tion controller on driver performance.
One of the potentially greatest sources
of driver confusion was that of navi-
gation. Thus, it was considered
important to provide the vehicle
operators with sufficient test course
identification so that they would have
no difficulty in following the test
track. Black lines were drawn on
the terrain belt to identify the test
traverse and small sponge rubber
blocks, (each marked to identify to
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the driver on which side of the block
the course traveled) were stationed at
each turn on the test course.

1est Course Selection Three test
courses were relected which were to
serve as the traverses over which each
of the subjects had to drive the LSSM
vehicle. The courses were established
with the intent of being equal in length
and difficulty. To verify this fact each
course was measured and found to be
approximately 1300 meters in length.
A very experienced non-subject vehicle
operator then drove each course at max-
imum vehicle speed (with the integrated
controller) and covered each in approxi-
mately eight minutes. Thus, it was
established that the three courses werc
approximately equal in length and
difficulty. Although no attempt was
made to equate right and left turns,
final course selection yielded a close
approximation to this standard. Courses
were coded as A, B, C to facilitate
experimental design development but
the subjects were provided wiw no maps
or other course identification system.

The communication circuits were
simple in nature and designed to provide
sufficient communication channels to
facilitate study execution without dis-
tracting subject attention. The only
individual in communication with ten
subjects other than the experimenter
was the suit operator and this was for
safety reasons. However, the suit
operator was instructed not to speak to
the subject once the experimental trial
had begun except in the event of some
physiological emergency.

Pressure Suit Systems The pressure
suits used were U.S. Navy issue Ligh-
altitude Mark IV full pressure suits
fitted with Mercury gloves. Pressur-
ized runs were made a& 3.5 %sia with
suit temperature at 75" F + 5°, Suit
pressure and temperature were con-
trolled at a console panel located just
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outside and to the left of the vehicle
simulator. Thus, the suit operator
was in visual as well as verbal comm-
unication with the subject. The console
panel contained flow regulation devices
for control of pressure and adjustment
of temperature sensing was achieved
via insertion of a theristor at the out-
let of the suit gas flow and read directly
from a display.

Computer Support General Pur-
pose Analog Computers, EA1231R, &
EA1221R, and AD256 were used for
modeling and simulation of the dynamic
responses of the proposed vehicle sys-
tems. Supporting equipment and ex-
pansion groups to implement the capa-
bility included a DR-29 Resolver, CCC
Digital 11v, amplifiers and attenuators.
A detailed description of computer
operation is provided in another re-
port (ref NAA report) and will not be
repeated here.

Simulator and Program Verification
Prior to the initiation of any experi-
mental trials, a series of calibration
and validation exercises were per-
formed to ensure the attainment of
maximum possible simulation validity
and data reliability. The simulator
performance characteristics in terms
of vehicle speed, turning rate and
radius, locking, etc., were established
to correspond as closely as possible
to expected LSSM vehicle dynamics.

Runs were executed using all con- '
trol and calibration systems to check
the input characteristics of the com-
puter in terms of amplitude, rates,
times, accuracy of responses and
simulation veracity. Various terrain
areas were used to examine the effects
of topography on input/output ratios
of the compute: and their readouts.
The primary purpose of these efforts
was to increase the probability of
collecting reliable, accurate and
valid data with which to compare




subject performances as a function of
steering and throttle design concepts.

Once the test courses had been estab-
lished it was necessary to verify that
each was sufficiently marked to guarantee
that test subjects could follow them with-
out becoming lost. This was necessary
since it was important that subject per-
formance differences due to locomotion
controiler design not be confounded by
extraeous data acquired while the sub-
ject was covering lunar terrain not in-
cluded in the test course. Accordingly,
twelve non-subject operators drove the
vehicle over one or all of the test tracks
to establish that a naive subject could
successfully follow the selected traverse.
Results indicated that the courses were
sufficiently identified and thus ready for
the experimental test runs.

Procedure The procedures may be
divided into three basic categories accord-
ing to the goals of each: 1) training of
subjects and operators, 2) testing and
3) subject calibration.
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RESULTS
1. Locomotion Controllers

Wheel vs. lland Controller -
When averaged across all other
conditions, the hand controllers
were slightly superior to the
wheels in terms of average time
to drive a segment. Subjects when
steering with a hand controller,
drove faster and varied less than
did those who steered with a wheel.

Hand Controller, Pronortional
vs., Discrete Steering - The pro-
nortional stick vielded the fast-
est trial time with least varia-
bility per segment of any condition.
The discrete stick yielded longer
trial time and required more nower
movements and steering movements.

Wheel, 240° vs., 4 turns lock
to lock - The 24Nn° wheel resulted
in the second fastest trial time
ner segment of any condition. 1In
comparison with the 4 turn wheel,
the subjects using the ?240° wheel
drove faster and with less varia-
bilitv. The worst condition was
the 4 turn wheel.

2., Power - Pronortional vs,
Discrete

The nroportional power con-
dition was slightly better than
the diserete nower condition when
averaged across all other conditions
with the nronortional nower con-
dition there were fewer gross
power movements and more fine
nower movements than with discrete
power.
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FXPERIMENT TIT
NAVICATTON REOUIREMENTS

Previous studies uti{lizing the
SHK-?23 Lunar Driving Simulator

have shown that subiects become
disoriented ("lost’) after a brief
neriod of driving. This {8 hecause
the lunar environment nresents a
depradation of visual cues relati-re
to familiar earth stimuli. <ince
even a sinple lost case involving
an astronaut on the moon would bhe
intolerable, an attempt was made

to test several navieation aides
with a view to determining minimum
requirements for comnletelv safe
naviration.

The naviegation aides investieated
vere:

1. M™ap and compass (Window)

2. DNieital readout of Fastinegs -
Northines units, man and comnass
(PTATTAL) .,

3, X-Y nlotter, man and comnass
(X-Y plot).

4, Aides #1, 2, and 1 without
the comnass (CNMPASS FAIL).,

A1l navigation aides were examined
under three senarate ordered sneed
conditions:

1. Full throttle (annrox. 10 KPH)
2., Half throttle (annrox. S XPH)
3, Self-naced

The desfign was a Ix?x3 factorial
desien with reneated measurements.
The levels of the variables were

as follows: Source of Position
Information (window onlv, digital
readout, X-Y nlot), comnass
(onerational, failed), sneed (full
throctle, half throttle, self-naced),
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Fach subject was tested under all
combinations of conditions. This
involved 18 runs for cach subject
(1.e., A runs for each of 3 sessions).
The order of presentation of positive
information was selected to maintain
anproximate halance of order effects.

The devendent variables for this
study were the same as those for
the locomotion controller studv,
with two changes:

1., ¥PR data was not taken as
the sub’ects were not in space
suits and the nhvsical task was
identical for all runs.

i st

2. A running count of all
cases was kept for each run.

;sst

Lost criteria:

a. S was either to the rigit
or the left of his assigned course
and made a steering correction of
at least a ?-second duration which
compovnded his error.

b. § was on course, but passed
the point where he should have
turned to the extent that he
couldn't get to his new course leg
without either encountering an
obstacle or running the vehicle
into the limits of the terrain
belt.

¢. S turned either too early
or too late, making a crash un-~
avoidable.

d. S told F that he didn't
know where he was.

The apparatus for this study was
the same as for the locomotion
controller study, with the foilow-
ing exceptions.

1. Only the inteprated hand
controller was used (in the
nroportional steering, nronmortional
power mode).

7, Mans were made bv construct-
ing a nolaroid nhotogranh mossaic
of the terrain belt on a scale of
1RGN to 1. These mans were utildzed
under all exnerimental conditions.

3. A nanel containing a digital
readot (Fastings - Vorthings),
compas< and speedometer (N-70 VPH)
was constructed and nlaced 40° to
the right of centerline fust forward
of the integrated locomotion con-
troller.

4, An X-Y plotter (variplotter)
was nlaced directlv in front of the
S ir place of the stecerirp vheel
used in the nrevious setudy. The
maps for the assiened courses ware
placed on the nlotter for all cur-
ditions, with the nlotter active
only during the X-Y nlot conditien,

The data from this study are currently
undergoing analvsis. Preliminarv
indications are that X-Y pniot {s the
"best case" in that no S ever became
lost while driving with this aide.
The dizital aide 1{s slightlv better
than the map and compass alone, but
both these aides nroved inadeauate
as the S's became disoriented and
lost an average of once everv 3NN
meters. Further research ia now
underwav investigating a more
sonphisticated digital device. The
X-Y plot cordition also sesred to

be hest case In terms of ;weed and
accuracy of comnleting assigned
driving tasks,

FXPERIMENT TIT
CAUTINN/WARNTNG

Present lunar roving vehicle car-
tion/warning (c/w) svstem concents
use a transmitted tone combinad
with visual disnlavs as an alerting
sipral. Considerable doubt still
exists as to the ontimum caution/
warning system stimuli.
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An {nvestigation of the nroblem
should attempt to wnswer the follow-
ing questions:

1. What should the phvsical qual-
ity of the altering sienal he?

2. 1Is the signal comnacible with
the Anollo caution/warning svstem?

3. Can the crewman differentiate
between the signal renresenting
vehicle malfunction and the signals
used to indicate a PLSS malfunction?

4, “hat should the duration and
reset concepts he?

5. What specific malfunctions
should be displaved, and how?

6. Should information, in addition
to the basic malfunction notice, be
provided (verhal auditorv message
explaining malfunction and correct-
ion required)?

The caution/warning devices investi-
gated were:

1. Voice - a verbal warning.
2. Light - an annunciator light.

3. Tone - a 757 ens - 2000 cps
signal (at 6N dbh, alternating at
1/2-second intervals) ccupled with
the 1light.

In addi{tion to the above devices for
alerting the S to a vehicle mal-
function, there was a 1500 cps signal
(frequency varied 207 15 times per
second to give it a warbling scund)
which was used to identify Portable

tone) at twe different ordered
sneeds (R ¥PH, self-naced). Thus,
each S drove six different courses,
one under each combination of
caution/warnine condi*ion and spced.
The PLSS warnings were nresented
randomlv under all conditions.

Tn order to make the S's task realis-
tically difficult, communications

were maintained with an "astronaut”

in the lunar module. At various

times during the run, the subject

was asked questions such as "'Fxnlorer,
this 1{s Home Base. %"hat is vour
course?”’ or "'Fxnlorer, this is

llome Base. "hat i{s vour speed?”

The S's tasks for each run were:

1. To drive the assigned course
safely and as accuratelv as possible
while maintaining the ordered sneed.

2. To recognize and react to
vehicle and 1life sunport malfunctions
quicklv and accurately.

3. To answer questions from the
command module auickly and accuratelyv.

The dependent variables for this
study were the same as those for
the navigation studv, with 3
changes:

1. "Lost" cases were not a factor
because all S's used the X-Y nlotter,
man and comnass for navigation
and knew at all times where thev were.

2, Reaction time to venicle and
life support malfunctions were
measured to the nearest 0.1 second,

3. Accuracy of resnonse was

Life Support System (PLSS) malfunctions.recorded.

This tone is currently being used
at MSC, Houston as the ®LSS warning.

The design was counterbalanced so

that each S drove under all caution/
warning conditions (voice, light,
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The anparatus for this study was
the same as for the navigation studv,
with the following exceptions:



1. The digital readout panel was
removed as all navigatioa was accomp-
lished with the aide of the X-Y
nlotter.

2. A panel containing a series
of eight caution/warning annunciator
lights, compass and speedometer was
placed fust forward and to the left
of the X-Y plotter 29° off centerline.
(this position is within the normal
30° cone of vision).

3. A panel containing two 1 1/4 x
3/4 buttoms labeled "RESET" and "PLSS™
was nlaced at a 45° angle to the left
of the X-Y plotter, within easv
reach of the subfect. By pnressing the
appropriate button, the subject
terminated the c/w signal and stonped
the timer which was automatically
started at the onset of the signal.

4. A panel containing a series of
momentary contact noise-free switches
was instailed alongside the experimen-
ter in such a wav as to be out of iue
subject's sight. With this panel,
the experimenter instigated the
desired vehicle and 1life support mal-
functions and automatically started
the timer.

5. A variable frequency signal
generator was used to generate the
desired vehicle and life support mal-
function tones.

The data from this studv are currently
undergoing analvsis. Preliminary
indications are that reactions to the

tone condition are slightly faster than

reactions vo verbal warnings on the
light alon:. This difference is not
great however (about N.3 sec.). As
the averape reaction time was apnroxi-

"d{dn't notice” the light. This
nhenomenon of not noticing did not
occur under the tone or verbal con-
ditions and mav have imnlications
for the safetv of the astronaut
durine an actual lunar missfon.

CONCLUSICNS AND RECOMMENDATIONS
1. Locomotion Controller Fxneriment

The ontimal controller/nower com-
hination apnears to he the nronor-
tional hand controller with nro-
rortional nower. This svsten,
however, was not greatlv sunerior
to the 24Nn° yheel with nronortional
nower. Tn that a wheel {f not the
nrimarv svstem is the backun svstem
in all vek{icles nronosed at this
time, the ?74N° wheel might be the
hest alternative.

The 4 turn wheel nroved to be a very
mareinal svstem hoth in terms of
time to drive the course and subject
energv exnenditure. Tt would seem
on the basis of this studv that
fewer turns loct-to-lock should be
required.

2. Navigation Requirements

Tt appears that use of the X-V
nlotter for navigation would result
in maximum safety for the astronaut
and this is of pnrime importance.
The nlotter, however, reauires
additional equinment including a
small computer and associated
circuitry. This adds to both hard-
ware weight and complexity, which
in turn leads to a higher nrobability
of eauinment malfunction. Research
is now in nrogress to examine the

mately 1.f seconds, it is worthy of noteutility of a more sonhisticated

that on several occasions, under the
light condition, the subjects missed

digital readout device. If it can
he shown that this new equipment

the warning for as long as 13.5 seconds.is adequate for the task, its

The subjects later said that chev were
preoccupied with the driving task and

reduced welsht and low comniexitv
might make {t more desirable than
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the X-Y piot as the nrimarv
navigational aide. Tt misht also be
considered as a backun to the X-Y

plot 1f the research indicates that it
is not Lsufficiently accurate for
primary use.

3. Caution/Yarning

It apnears that use of the 750 cns/
2000 ¢cps aiternating tone counled

with the light {s the most rapnid

and consistent method of notifving

the astronaut of a vehicle malfunction.
The study has also shown that the
astronaut would have no difficuitv

in distinguishing this tone from the
1579 cps "warbiing” tone associated
with 1ife sunport malfunctions and
thus {s highlv comnatible with exist-
ing Arollo hardware. 1In addition,

the vehicle caution/warning tone could
be nroduced by the same equipment used
tc generate the life support warning
tone with minimum modification and
would thus minimize hardware weight,
complexity, and development costs.
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SELF -ROTATION OF ASTRONAUTS BY MEANS OF LIMB MOVEMENTS

Thomas R. Kane

Professor of Applied Mechanics
Stanford University, California

SUMMARY: When ap ast:ronaut is in a state of free fall
(weightlessness), any motion of one part of his body
relative to anoth. r causes a change in the state of

motion of the entire system,

Some investigations

concerned with the exploitation of this fact for the
devclopment of practically useful self-rotation tech-

niques are discussed,

INTRODUCTION

Gymnasts, trapeze performers,
and divers offer living proof of the
fact that relative motions of body
parts can have profound effects on
the over-all attitude motion of the
human body in free fall and, further-
more, that human beings are capable
of performing certain relative mo-
tions of body parts in such a way as
to repeatedly obtain well defined
results, This observation leads
rather naturally to the thought
that it may be possible to use pre-
determined limb motions to control
the orientation of an astronaut in
space. However, the attitude con-
trol problems faced by the astronaut
are so different from those encount-
ered by gymnasts, etc., that their
solution cannot be found merely by
applying old and familiar techniques.
Furthermore, new techniques cannot
be devised experimentally in con-
ventional ways, because gymnasts,
etc, do not remain in a state of free
fall for sufficiently long periods of
time, Hence one must ultimately re-
sort to orbital experiments, but the
value of these can be enhanced con-
siderably by first studying certain
questions analytically., For example,
it is obvious that the effect of a
given limb motion will be modified
by attaching weights to various

points of the body--and it is pre-
ferable to explore questions con-
nected with the optimum size and
placement of such weights analyt-
ically, rather than during an
orbital flight.

With these ideas in mind, a
number of my students and I have
sought answers to the following
questions:* (1) How can an astro-
naut in free fall move various
parts of his body relative to each
other in such a way as to bring
about both a desired change in
orientation and a prescribed dis-
position of body parts ? (2) Start-
ing from rest, how can one move the
limbs to obtain relatively pure
pitch, roll, and yaw motions, and
what can one do to make these
maneuvers as effective as possible?
(3) How do limb motions and propul-
sion devices interact ? A formal
answer to the first question was
given in a recent paper.1 The
second and third questions are dis-
cussed in the sections that follow.

* This investigation was supported,
in part, by NASA Research Grant
NGR-05-020-209.
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fifty degrees, A practical resolu-
tion of this dilemma is to follow up
the roll maneuver with correcting
pitch and yaw maneuvers, both of
which are essentially "pure,”

YAW MOTION

A cyclic, two-part maneuver
that produces yaw reorientations and
that may be performed either with
the legs or with the arms was sug-
gested by James Jones of NASA, Ames
Research Center, and proceeds as
follows: With the legs placed as
when taking a step in walking, i.e.,
one to the front, the other to the
rear, each leg is moved on the sur-
face of a cone whose axis is paial-
lel to the yaw axis and which has a
semi-vertex angle equal to the semi-
angle of leg spread; and each leg
is pcomitted to rotate about its
own axis in whatever way is neces-
sary to avoid twisting, The second
part of the maneuver consists of
bringing the forward leg to the
rear, and vice - versa, and the en-
tire operation then can be repeated,
Fig, 3 shows the reorientation per
cycle obtained in this way for
various semi-angles of leg spread,
(A similar maneuver can be performed
with the arms, and its effectiveness
has been demonstrated by gymnasts,)

A second method for obtaining
yaw motions is to bend the torso
relative to the legs successively
in various planes passing through
the yaw axis, which is the human
analog of the righting maneuver per-
formed by a cat that lands on its
feet after being released from rest
in an upside-down position. (A de-
tailed discussion of this topic
will appear in a forthcoming issue
of the International Journal of
Solids and Structures.) One cycle
of this maneuver can produce a re-
orientation of as much as one hun-
dred and eighty degrees, and this

has been demonstrated experiment-
ally, However, the body movements
required to produce such a large
reorientation may be so arduous as
to render them unsuitable for exe-
cution by an astronaut, particu-
larly one wearing a space suit,
Ultimately, only an orbital exper=-
iment will permit one to assess
the relative advantages of this
and other yaw maneuvers,

PROPULSION DEVICES

The simplest conceivable pro-
pulsion device is one consisting
of a single thruster that exerts
a force of constant magnitude in
a direction that is fixed relative
to the body on which the force
acts. If such a device could be
used, perhaps intermittently, to
propel an astronaut through space,
its simplicity would be its
greatest asset, But, even if
this mode of propulsion is not
used intentionally, it would be
desirable to understand how limb
motions ‘nteract with such a pro-
pulsion system, for it is possible
that a malfunctioning of a more
sophisticated astronaut maneuvering
device leads to unintentional use
of this simple technique, and limb
motions might then provide the only
means of achieving even partial
control., We have, therefore, be-
gun to study this problem analytic-
ally, and, while our investigation
has not been completed, a few re-
sults can be reported,

Considering a system of two
rigid bodies which are connected
at one point but are otherwise
free to move relative to each
other, one can readily see that
rectilinear motion is possible
only if the bodies are oriented
relative to each other in such a
way that the ljae of action of the
thrust passes through the mass
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PITCH MOTTON

A pitch motion of the torso and
legs (here regarded as a single,
rigid body) can be produced by ro-
tating the arms symmetrically, each
arm moving essentially on the sur-
face of a cone., (This maneuver was
discussed both by Kulwicki? and by
McCrank and Segar.3) To study such
motions, the governing differential
equation was written for a system
comprised of three rigid bodies.

The solution of this equation yields
a relationship between the reorien-
tation (in degrees) per cycle of arm
motion, the geometric and inertia
properties of the rigid bodies, and
the three angles that characterize
the arm motion, namely the semi-
vertex angle of the conical surface
on which each arm moves and two
angles which locate the axis of one
cone. (Symmetry considerations per-
mit one to locate the axis of the
second cone,) Details of this anal-
ysis will be published in a frrth-
coming Technical Report of the De-
partment of Applied Mechanics, Stan-
ford University. Fig., 1, which
shows some of the results of the
analysis, deals with the case in
which the cone axis for each arm is
parallel to the pitch axes. The
three curves in the figure corres-
pond to three sets of inertia prop-
erties, the first being applicable
when the torso and legs occupy the
same relative position as when a man
is standing at attention, the second
representing a "tucked" position,
and the third accounting for changes
in the inertia properties associated
with holding a five pound weight in
each hand, Not surprisingly, it
turns out that both the use of
hand-held weights and the tucked
position enhance the effectiveness
of the maneuver. Perhaps less ob-
vious, but fortuitous, is the fol-
lowing fact which emerges from the
analysis: The maneuver can be made
more effective by choosing the axes
of the conical surfaces on which the

1.4.2

arms move in such a way that these
axes are not parallel to the pitch
axis, Tie optimum orientation of
the cone axis is ore in hich this
axis lies in the roll plane and
makes an angle of about fifteen
degrees with the pitch axis. This
is a rather comfortable position,
even in some EVA suits, and reori-
entations as large as twernty-five
degrees (and twice that, irf five-
pound weights are attached at the
wrists) can be obtained in a single
cycle of arm motion,

ROLL MOTION

The simplest way to obtain
roll appears to be to move the
arms on identical conical surfaces,
but keeping their axes parallel to
each other, so that the arm mo-
tions are now unsymmetrical rela-
tive to the torso. This lack of
symmetry complicates the analysis
considerably. 1In fact, it becomes
necessary to soive a set of three
simultaneous, nonlinear differen-
tial equations in order to deter-
mine the reorientation per cycle
of arm motion. Such an analysis
is described in detail in Technical
Report No. 182 of the Department of
Applied Mechanics of Stanford Uni-
versity, Fig. 2 shows the number
of cycles of arm motion required
to produce a given roll reorienta-
tion for various semi-vertex angles
and with the axes of the cones
parallel to the roll axis, Of
course, the maneuver can once again
be rendered more effective by add-
ing weights to the arms; but, in
doing so, one pays a penalty in
the following way: The desired roll
motion is inevitably accompanied by
undesired pitch and yaw motionms,
and these tend to become more pro-
nounced when the roll reorientation
per cvcle of arm motion is increased.
Even without additional weights,
these parasitic pitch and yaw rota-
tions can have values of forty to
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center of the system. For a given
orientation of the force vector re-
lative to one of the bodies, there
may exist two, one, or no orienta-
tions of the second body such that
this conditior is fulfilled. Con-
sidering only planar motions, one
finds that, when there exist two
configuracions which are compatible
with rectilinear mction, then the
motion associated with one of these
is stable whereas that associated
with the other is unstable; and
when there exists but one such con-
figuration, the associated rectilin-
ear motion is always unstable,
Finally, still for planar motions,
it is found that the body to which
the force is applied can rotate at
a constant rate in inertial space
when the second body performs an
oscillatory motion relative to the
first body in the neighborhood of
the position associated with recti-
linear motion.
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SUMMARY: A study was accomplished to define the
hazards associated with poentially useful power
sources for spacetool applications. It was found
that all power sources offer some specific hazards.,
It has been recommended that the brushless D.C.
electric power drive be developed to further de-
crease its potential as a hazardous device for use

in spaceflight.

INTRODUCTION

A previous study compared vari-
ous space tool power sources with
respect to power/mass requirements.¥*
This report presents the results of
a continuing study directed primarily
at the safety and reliability of the
possible power sources to be used as
a multi-purpose driving unit for
hand-operated tools,

The potential power sources are
divided into two basic safety groups,
those involving fuels and/or power
cycles which are roraally consid-
ered to be inherently extra-hazard-
ous and those involving fuels and/
or power cycles which are normally
considered to be of low inherent
hazard. Other areas of discussion

*Space Tool Power Source Investi-
gation, Internal Note R-ME-67-4.

included in this report are:

1, Safety considerations for
gas, electric, and hydraulic
power.

2. Fire and blast hazards.

3. Toxicological hazard.

4. Special tool hazards.

Conclusions with recommenda-

tions are drawn as to the safest
and m~st reliable power source for
space use.
INITIAL SELECTION
All the potential power sources

can easily be placed initially into
two basic safety groupings.

V.11



1. Those power sources involv-
iag fuels and/or power
cycles which are normally
considered to be inherently
extra-hazardous,

2, Those power sources involv-
ing frels and/or power
cycles which are normally
considered to be of low in-
herent hazard.

The inherently extra-hazardous
class includes all the solid and
liquid rocket propellan:i-oxidizer
combinaticns and the monopropellants
such as hydrazine and hydrogen
peroxide.

These high energy materials are
inhereatly hazardous since they are
highly reactive, frequently unstaole,
and relatively toxic with very low
threshold limit values (TLV). Low
allowable concentration percentages
apply to these materials as sepa-
rately stored fuel or oxidizer
components and as reaction products.
Their maximum allowable concentrations
(MAC) from a flammability-limit stand-
point are also low., As highly re-
active agents thoy may be ignited
by low-energy ignition sources;
some are hypergolic. They usually
combine or disassociate at high
temperatures; therefore, the re-
action chambers, and frequently the
exhaust products, must be carefully
and completely isolated from astro-
naut proximity. These extra-
hazardous power sources have been
developed for specialized space use
and previously have been used on
manned space flights. However, the
location requirements for thrust
engines, spacecraft attitude con-
trollers, extravehicular activity
(EVA) manuevering units, and other
special uses are much less severe
than the locatior and use require-
ments placed on the space tool power
source.

iV.1.2

It is possible that this cate-
gory of power source could qualify
for specialized EVA such ai a high
power/mass emergency tool. How-
ever, as long as the power source
may be used within the cabin,
these extra-hazardous systems
should be eliminated from the
candidate list. This conclusion
and the considerations in arriv-
ing at it are in agreement with
that proposed by Roth, 2

The initial selection leaves
as potentially useable power
sources only the normally low-
hazard power systeac. This cate-
gory includes gas (air) powered,
electric powered, and hydraulic
power systems. All three of
these systems are used oa Earth
as tool power sources.

Several previous space tool
power sources have uced dc electric
motors.#>3 The characteristics of
this type electric motor ares very
favorable for use as a tool power
source. The dc electric motor's
high efficiency, high power-to-
weight ratio, and torgue/load
characteristics make it one of
the most suitable electric motors
for hand tool use. 1In addition,
spacecraft electric power systems
usually include several dc¢ prime
power sources. This is true be-
cause of the basic dc nature of
these devices, i.e., solar cells,
thermoelectric, batteries, and/or
fuel cells. The dc motor is a
natural choice since it can use
power directly from these prime
spacecraft power sources.

Previous considerations have
eliminated all the exotic high-
energy gas cycles. This leaves
the low-energy, pressure-work
type gas cycle as used in all
terrestrial gas (air) powered
hand tools. These motors use air
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at line pressure developing power
across a work-surface area; little
or no work is obtained by gas ex-
pansion and the gas reaches the
exhaust port at practically line
pressure.

True turbine motors do not oper-
ate well on this power source.® Thkey
have even lower starting torques
than turbine motors operating on
more effective turbine power cycles.
Except for very specialized light
loads, high-speed gas-powered tur-
bines are not considered to be
valuable as a space power system.
Only two types, the piston and the
rotating vane, remain as of maior
Zmportance. The piston motor is
generally heavier and bulkier, _nd
is usually not offered in tools
under 373 W to 559 W ( 0.5 to 0.75

" hp). The vane-type gas pressure

motor will be the major gas motor
considered in this report.

In the early stages of investi-
gating the safety aspects of
pneumatic power sources it was felt
that a closed fluid working cycle
might offer several safety advan-
tages over the pneumatic. There-
fore the safety aspects of hydrau-
lic tool power will also be
considered.

Hydraulic systems are mainly
power transmission devices and are
not prime power sources. The hy-
draulic system will have to be
driven by a gas or electric prime
power source and it will have some
of the advantages and disadvantages
associated withk the chosen prime
power source,

SAFETY CONSIDERATIONS FOR GAS,
ELECTRIC, AND HYDRAULIC POWER

Even though the three remaining
candidate power systems are consider-~
ed safe in normal terrestrial use,

their use in space flight poses
several unusual problems of some
potential danger. These specialized
problems can be reduced to three
categories:

1. Fire and blas:.
2. Toxicological contamination.

3. Safety hazards peculiar to
the type of tool.

The three types of power sources
will now be considered within thes.
three potential hazard areas.

Fire and Elast

Two very different use environ-
ments apply to the proposed tool
power source, EVA or intravehicu-
lar activity (IVA). 1In EVA use,
the accidental fire or blast
bazard is much reduced from that
found for similar tools in terres-
trial use.2>7 This is primarily
a result of the unavailability of
a2 natural supply of oxygen in the
space vacuum environment. Most
liquid or gaseous fuels or oxidizers
will be vented naturally and dis-
persed by this very low pressure.
Also, a decrease in pressure usually
narrows the flammability range and
increases the auto-ignition
temperature.

Another factor which will re-
duce the chance of orbital EVA
fire is the unusual '"zero-
gravity" gravitation field. Zero
gravity, in the absence of in-
duced relative velocities, will
reduce the mixing process to
either a random low-velocity mix-
ing or diffusion-controlled mix-
ing. Either process is less
effective than mixing driven by
displacement convection between
"heavier and lighter" liquids and
gasses,

IV.1.3




The normal terrestrial con-
vection-burning process can also
be affected by zero gravity. Spald-
ing lists the equation for the burn-
ing of fuel vapor dropletsin air.

.*i‘l:_c = (45B) 0.75 {_(&cﬁ)_(lff]
a

where M = Vaporization rate per

unit face area.
d = Droplet sphere diameter
c = Specific heat
k = Thermal conductivity

B = Transfer number, a fuel
function

g = Acceleration due to
gravity

a = Thermal diffusivity

Even though the equatior indicates
so, the conclusion obviously cannot
be made that the burning rate is
zero when g is zero. Rgth suggests
an equation of the form

Mg = M, L +£ (g)

The function £ (g) would be relative-
ly small compared with unity, and the
subscripts g and o refer to gravity
and zero-gravity cases. In any case
the lack of normal convection curreat
per se will reduce the major natural
oxygen replenishment mechanism

found operating in an Earth atmos-
phere (convective) fire.

The extravehicular environment
is considered by most authors as a
natural fire extinguisher for fires
that may break out even inside the
cabin. The procedure suggested is
to depressurize the cabin to the
exterior vacuum in case of internal
cabin fire.

IV.1.4

It has been shown that fire
hazards increase in space flight;
therefore, the major increased
fire hazard in space flight must
arise from the special conditions
of IVA and not EVA.

Several extensive studies have
been accomplished aimed at de-
fining the extra hazards intro-
duced within the space cabin in
space flight. Firal and exact
answers to these questions must
await combustion experiments
scheduled for future flights. It
is known that past flights with
100 percent oxygen cabin atmos-
pheres were relatively more hazard-
ous than an Earth environment.

Not only may more oxygen be avail-
able but the lack of a diluent
atmospheric gas also contributes
to the shortened time scale and
higher temperature of combustion
found in cabin fires under 100
percent oxygen atmospheres.

No attempt will be made here to
reassess or restate these extensive
studies except to accept the en-
vironment as a potentially more
positive fire risk and to refer-
ence prior test data as it
specifically applies to operation
of or to materials of construction
of the space tool power source.

The Power Tool as an Ignition
Source

All power tools have certain
common potentials as ignition
sources. In this function the
tool would serve to iznite another
fuel or combustible. This is the
major terrestrial danger consid-
ered for constructing and using
nonsparking tools in highly com-
bustible or explosive atmospheres.
The problem may be more severe in
space cabin atmospheres. Minimum
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ignition energies are lowered with
increased cxygen partial pressure.
Huggett et al. showed slightly low-
er ignition energies for some common
materials required in space cabin
atmospheres as compared to ignition
in air.11

According to Voigtsberger12 and
Roth? the spark energies required
to ignite common clothing materials
may be decreased more than one
thousand fold in pure oxygen to
levels similar to those of electro-
static sparks from the human frame.
The rate of burning after ignition
of some common sps. . zabin materi-
als may increase b, ive fold on
replacing air with oxygen. Propa-
gation of flame mag be much faster
in the gas phase.l3 There are
certain ignition source modes which
are common to every tool regardless
of the type of power source. These
are discussed in the paragraphs
below.

Electrostatic Sparks. In
general, the grounded all-metal
tool housing would not be expected
to build up or hold an electro-
static charge in normal use.
Electrostatic spark potentials can
be accumulated only on parts of a
device which remain electrically
isolated for a sufficient period.
Under certain conditions aluminum
alloy housings, as might be used
in all types of tool housing could
become electrostatically dangerous.

Aluminum is a chemically reactive
material, especially with respect
to its combination with oxygen.
The aluminum oxide product is highly
adherent to the base aluminum, is
chemically inert, hard, dense,
mechanically strong, and serves to
protect the base aluminum from
further oxidation and other chemical
attack. Aluminum oxide is also a
dielectric material. 1Its formation
on the aluminum surface, especially

under drv atmosphere conditions,
can create an electrically iso-
lated surface which could store
an electrostatic charge.

Frequently aluminum products
are processed through one of the
anodizing processes. Anodizing
processes control the formation
of aluminum oxide on the alumi-
num surface; usually it is done
to give the surface a harder,
more wear resistant finish of
from 25 to 26 4m (1 to 3 mils)
thi-kness. The '"hard coat"
process is a special anodizing
process which gives a surface
from 177.8 to 304.8 um (7 to
12 mils) or more and is especially
long-wearing and abrasion-
resistant.

Such coatings pose a hazard
and should be avoided to reduce
the electrostatic spark hazard
from aluminum surfaces. Further,
should aluminum be perferred be-
cause of its other properties to
another nonsparking alloy, such
as beryllium-copper, which does
not exhibit the tendency to auto-
oxidize to a dielectric surface,
then special surface finishes
should be developed for the
aluminum housing. Such surface
finishes would coat the alumi-
num with a thin, conductive,
nonsparking, non-auto-oxidizing
material. Care must be taken in
such a coating process to insure
that the coating is applied
airectly on the aluminum base
metal. An equally dangerous
capacitive spark source can be
created should a conductive coat-
ing be placed over the aluminum
oxide coating.

The vane air tool has another
type potential electrostatic hazard.
The rotating vanes themselves are
usually manufactured to phenolic-
impregnated linen-fiber material.

IV.1.5
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This material can generate electro-
static sparks which would discharge
vane-to-housing. The high moisture
conditions of most delivery air in
terrestrial maintenance shops would
serve to reduce or eliminate such
a conditions here on Earth. 1In a
dry atmosphere the high rotational
speed might help compensate for the
low insulated surface (vane) area
and an electrostatic spark hazard
would exist within the air tool.
Development of conductive vane
materials or conductive surface
coatings would eliminate this
hazard in the air tool.

Switch Sparks. The electric motor
as a primary space tool power source,
or as the power drive in a hydraulic
system, would have whatever ignition
hazard is offered by sparking at an
on-off motor switch. The gas power
source does not offer this particular
kazard, By definition such sparking
can occur only between the contact
points in the switch. The problem
of the ejecta-spark, or ejected hot
particle, as an ignition source is
treated separately in this report.
The physical arrangement of such
electrodes is such that the practi-
cal danger of a fire being initiated
by this spark is offered only to
ignite that fuel supply which can be
brought to the spark, i.e., passed
betveen the electrodes. Gaseous
fuel-oxidizer mixes meet this re-
quirement and will be treated as the
only probable fire threat offered
by the switch spark. The major
space flight atmospheric variables
of the type of gaseous composition,
the percentage of oxygen, and the
total pressure affect both the mini-
mum electric gap length required to
ignite a given gaseous fuel-oxygen
mix ana also the minimum voltaﬁe for
the production of the spark)l 4, 1>

Short-time sparks supply the
energy necessary for ignition in
a few microseconds. This energy

IV.1.6

triggers the chemical reaction
(flame) in a very small sphere of
the combustible mixture. For

some time it has been known that
continuation of the flame front
and development of a general fire
will depend on whether the small
initial sphere can propagate with-
out being extinguished.2 The
electrode gap may act as a quench-
ing agent on this small flame.
Figure 1 shows the dependence of
the critical (minimum) energy for
ignition on the gap length.

From this graph it can be seen
that gap lengths shorter than the
minimum will require greater spar
energies to propagate combusion.

A spark gap will begin to dissi-
pate its energy almost immediate-
ly in the case of ''break" sparks,
the left hand branch of the curve.
In this case the close spacing of
the operating contacts may serve
to quench the process. This in-
dicates that "make'" sparks will

be more dangerous than '"break"
sparks. There are other factors
operating in break sparks in motor
circuits, however, which makes the
energy available in motor circuit
"break' sparks more than that
energy .available to the switch in
"make" sparks. These effects will
be considered later.

The minimum ignition energy
also depends on the fuel-air
ratio for any given combustible
mixture (Figure 2).

The relative diffusivity of
the fuel is also a control on the
minimum ignition energy. For a
homologour series of hydrocarbon
fuels the minimum ignition energy
shifts toward higher stoichiometric
fuel-air ratios,

A practical demonstration of
the wide variation of minimum
ignition-gap length on oxygen

k>
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FIGURE 2

MINIMUM IGNITION ENERGY VERSUS GAP LENGTH
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concentration for two common gaseous
hydrocarbon fuels (gasoline and
ethyl ether) is shown in Figure 3.
As the percentage of oxygen in the
air is varied from 20 to 75 percent,
the minimum spark gap for ignition
of gasoline decreases from 0.089 mm
down to 0.001 mm. These test results
show the minimum spark gap required
to ignite a gaseous fuel at atmos-
pheric pressure decreases by a
factor of more than 10 when the
oxygen concentration is increased
from 20 percent to above 75 percent.

Figure 4 shows the effective in-
crease of the fire-ignition hazard
with increasing oxygen concentration.
It decreases with decreasing total
pressure. From atmospheric pressure
101.35 x 103N/m2 absolute (14.7 psia)
down to 19.99 x 103N/m2 absolute
(2.9 psia) the minimum ignition
energy decreases by a factor of 10.

The data of Figures 3, 5, and 6
taken together indicate that in the
current space cabin atmosphere and
those found on projects Mercury and
Gemini, the overall result of in-
creasing the oxygen concentration to
100 percent and decreasing the total
pressure to 24.13 x 103 to 37.92 x
103N/m? absolute (2.5 to 5.5 psia),
decreases the minimum spark ignition
energy by an overall factor of 12
to 70.

In considering the development of
sparks at switch contacts there -re

two separate and different conditions:

The '"make" spark and the 'break"
spark. The "make'" spark, or break-
down potential, Vi, is a function
of the type gas and the product, &8,
where & is the density of the gds
and S the gap.width, Considering
the temperature to be constant, we
may replace this produce with pS,
where p is atmospheric (or space
cabin) pressure and S is electrode
gap width, This similitude law is
known as Paschen's law. Figure 6

shows a plot of Vy versus the
produce pS.

The minimum breakdown voltage
of 330 volts, occurs at pS = 9,117
N/m2-cm(2 x 10-3 atm-cm). This
general curve of Paschen has been
reproduced by the data of more
recent investigators.l6 Recently
Germer 17-19 jnvestigated very
closely spaced electrodes dowmn to
a spacing of 1 x 10~2cm (10004).
He found arc ignition below
Paschen's minimum of 330 volts,
even down as low as 50 volts. Arc
ignition at these very close spacings
is explaired as resulting from very
high field concentrations occurring
at surface asperity peaks.

Most electric tools in the range
of consideration of this report
will use power circuit voltages
much lower than Paschen's mini-
mum ignition voltage and even
considerably lower than the 50
volts found at extremely close
spacings by Germer. The conclu-
sion is that "make' sparks in
tools using 30 volts or less do
not constitute an ignition hazard
from the 'make'" spark switch source.

An interesting aspect of com-
bining the information from the
data obtained from Figures 3,4,
and 6 is presented in Figure 5.
Considering a cabin atmosphere of
more than 80 percent oxygen con-
tent and a minimum gap length in
this atmosphere which will ignite
most low molecular weight hydro-
carbons 0,0025 cm (0.001 in.) we
calculate and plot the curve of
Paschen's breakdown potential
versus gap-pressure., This com-
posite curve shows several im-
portant facts relevant to the
operation of electrical switches
under space cabin and space flight
conditions:

1. The electrical breakdown

IV.1.9
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FIGURE 5

ARC BREAKDOWN POTENTIAL AS A
FUNCTION OF GAP PRESSURE
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gap length is a minimum in the
100 percent oxygen atmgsphere at
between 39.99 x 103N/m° absolute
(.8 psia) and20.68 x 103N/m2
absolute (3.0 psia). This
pressure range is precisely that
range in which past and present
spacecraft atmospheres have been
operatud.

2.Pressures lower o~ higher than
the range 20.68 x 103 to 39.99 x
103N/m? absolute decrease the
danger of development and igni-
tion of ''make' sparks. The
lowest pressur: (EVA) is con-
sidered a much lower risk. The
reduction of '"make spark" risk
at high pressures suggests that
the solution should be a hermeti-
cally-sealed pressurized switch.

3.Reducing the electrode voltages
below 330 volts, esvecially be-
low 50 volts, practically elimi-
nates '‘wake' spark risk.

The 'break" spark is fundamen-
tally differeut from the 'make"
spark. There are two major differ-
ences which apply to the conditions
just preceeding the creation of the
"break" phenomenon ac compared to
the " make"” condition:

)..The surfaces are in mechanical
contact.

2.Scme parts of the surfaces are
carrying the circuit currert
(1)

Considerable work has been done
on the nature of coutact of these
surfaces. 15,16,20 The actual area
of mechanical contact, even for the
smoothest surfaces, is at most about
0.1 percent of the mechanical con-
tact surface. The conducting spots
or constriction areas are thin high-
ly~corluctive bridges. The bridges
are formed by a process called frit-
ting. "A" fritting generally means
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the breakdown of insulating films
originally found covering the con-
tact surfaces. This breakdown is
accompanied by local conduction,
intense localized heating of these
conducting points, and melting of
the fritting spot with subsequent
formation of the molten conducting
bridges,15 The actual conducting
area is small and the current
density in the areas is very high.
Contacts carrying only a few
amperes, such as a switch cutting
the power to an electrically power-
vd hand tool, may have current
densities of the order of 108amps/
cm?2. The importance of this high
current density passing thrugh
the resistance is not found in its
electrical resistance, which is
usually only milliohms, but in its
thermal capacity. Most of the
energy lost in passing through the
contact sugfaces is lost as heat
energy (I.“R.) generated in the
immediate vicinity of the con-
ducting aspherities. Because of
the small thermal capacity the
spots exist at higher temperatures.
The second stage of the process

of fritting, called "B" fritting,
operates in such a way as to keep
the bridges molted. If the current
increases, "B" fritting generally
results in the molten spots in-
creasing in size to maintain nearly
the same value of constriction
resistance and to carry the extra
current.

Under breaking the contact we
start with the molten conducting
bridges and begin to reduce the
normal load. The area of contact
decreases and consequently the
constriction resistance, current
density, and temperature increases,
and the material in the bridge
vaporizes as the switch opens.
The opening switch thus creates
its own higu-temperature, highly-
conductive, vaporized metal, or
plasma path which constitutes the




beginning points for the drawn
spark or arc. Once such a high-

t >niperature vapor path ic formed
it will draw out a spark or arc
until either the current or volt-
age goes below a value necessary
to maintain the conducting path.
These shortest-arc minimum values
are known as minimum arc current
(Im) and minimum arc voltage (V).
Both of these important limits de-
pend on the cathode materials.
Values of L, and V  for typical
switch contact materials are:

1 v
m m
A=zps Anps
Carbon 0.01 15-20
Silver 0.45 8-12
Copper 0.43 12

Tungsten 1.0 10-15

These minimum values are within
a range which can be developed in
a dc space tool power circuit.
The conclusion is that “break"
sparks are possible in the low
voltage space tool power circuits
and constitute a potential ignition
hazard.

The extinguishment of the break-
spark hazard is possible if we could
reduce either the current or voltage
before contact separation below the
minimums. It should be recognized
that in power too' systems a further
consideration musi be made. These
circuits contain inductance and
capacitance, and in dc systems under-

going a transient (switching) condition

the inductance serves to supply higher
transient circuit voltage values than
occur during steady electrical con-
ditions. Even though the power
circuit could be designed and

operated below the minimum arc

current (L), on switch opening the
inductance would operate to pre-

vent any gircuit changes, and arc
would ignite at: 1 = E-E

o
R

where E. is the last voltage
across the switch contacts. After
ignition the circuit varies as:

- 41
E=IR+Lg;

+ V (1,8)

where V(I,S), the spark voltage,
is a function of I and arc length
S.

The presence of capacitance and
inductance in most power circuits
may lead to arcing and sparking in
circuits otherwise operating below
I, and V,,. The inductance may
provide voltages higher than the
prime supply voltage and pulse
currents higher than I, may be
drawn from the capacitance.

Ejecta Particle Sparks. Several
types of hot incandescent particles
may be created and ejected by tools:

Metal strike sparks. "Sparking”
and ‘hon-sparking" metal tools have
long been considered in explosive
or potentially dangerous atmos-
pheres on Earth. Ther~ are two
major chances for developing
metal strike sparks in space,
striking the tool housing and
metal sparks generated in the im-
pactor mechanism of some cools.

The U. S. Department of
Commerce has done research on the
sparking of metals in an atmos-~
phere which has some relevance to
space cabin atmospheres. 1In this
work the sparking characteristics
and the ignitability of flammable
mixtures were tested under in-
creasing concentrations of oxygen.
The results of these tests are
summarized in Tables I and II.
Thesc tests showed that metals
safe from strike-sparking, flammable,
and explosive high-oxygen atmos-
pheres include maganese bronze,
phosphorus bronze, aluminum

IV.1.15
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bronze, commercial brass, aluminum,
and beryllium copper. Unsafe metals
include carbon steel, carbon tool
steel, stainless steel, and monel
(nickel copper).

A fortunate result from these
test . is that aluminum and high-
alum num alloys frequently used
in the tool housing are non-
sparking with respect to strike- or
abrasion-generated metal sparks.
Since regular prediction of metal
strike-sparks from a tool housing
under use by a man is impossible,
the only approach that can be
accepted is to manufacture the
housing of such non-sparking
materials.

The condition in the impactor
mechanism is more predictable than
in the tool housing, is more con-
trollable in design, and can be
tasted for possible sparking after
construction. Most impactor
mechanisms have relatively flat
anvil/hammer surfaces,with little
abrasion and surface shear occurr-
ing in use. Simple substitution
of non-sparking alloys may be possi-
ble since the hardness of non-
sparking aluminum-bronze alloys
(Rockwell B93) compares favorably
with the steel materials (B90 to
B92) sometimes used. However, only
the tool designer in the original
design process can adequately
evaluate the substitution of these
specified non-sparking alloys in
the impactor section. Other factors
under the designer's control include
maximum impact pressure (the im-
pactor surface area), the shape of
the impactor surfaces,and the geo-
metric impacting conditions. Using
all the available design conditions
the impact mechanism can be made
safe from metal strike sparking.
Test procedures simulating IVA and
EVA use under long term normal and
possible failure mode should be used
tc verify the adequacy of any

IvV.1.18

materials/design compromise, should
this become necessary.

Incandescent carbon wear parti-
cles. In some space power tool
machinery we have situations where
carbon elements are in sliding
contact with metal surfaces. This
occurs in the electric motor where
carbon brushes run against metal
slip rings or against metal commu-
tacor segments. In gas (air)
powered tool motors the vanes may
be carbon or they may be of phenolic-
linen composition which can pro-
duce small fragments with high
carbon content. The question is
whether these particles may become
incandescent and serve as a poten-
tial ignition hazard.

The literature search shows
only two cases translatable to
potential space cabin hazards.

One case 1is poor cummutation of

the eleciric motor. Poor commu-
tatior can be caused by vibration
of the brushes, mechanical and
electrical defects in the motor,
high altitude effects in the brush,
etc, Uader poor commutation,
streamers of hot particles thrown
out from under the brush are
observed. These are organic
impregnations in the brush
material which are heated by
sparking and arcing during the
deficient commutation. A similar
mechanism was observed by BuckleyZl
whose group investigated sliding
carbon wear surfaces on metal

both with and without an electri-
cal potential across the carbon-
metal interface. Fires in
combustible mixtures wera gener-
ated by incandescent wear particles
in these tests, but only when an
electrical potential was placed
across the carbon-metal interface.
For incandescence, the values of
voltage and current had to be
above 106 Vac and 0.3 ampere.

An electric power tool in normal
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use would carry more than this
minimum current, but dc power tools
would not be expected to carry this
order of voltage magnitude. The

hot incandescent ejecta particles
observed in electric motors under-
going poor commutation may be caused
by momentary surge voltages gener-
ated by the motor circuit induc-
tance and capacitance, which can
operate during transient high-1load
electrical conditions and create
sur.e voltages above this mini-

mum. Under this condition the brush
may be operating as a special case
of the '"break' spari: found in the
ord*nary switch.

Electrical power tool motors are
known to offer the hazard of hot
incandescent ejecta particles from
the carbon-brush metal interface,
The gas powered van - motor is not
known to show this source of
ignition hazard when operated with
compressed air.

Solid state reaction sparks.
There are two solid-state chemical
reactions which are possible with-
in a space cabin. These solid-
state reactions would not be
directly dependent on the oxygen
atmosphere and would therefore be
an equal risk as a spark ignition
source within or without the cabin.
The two reactions are:

Feg0q + 2A1 —Al1903 + 2Fe + AH
2Y3
(Exotherm)

Ni + Al—NiAl + < H (Exotherm)

These two veactions are considered
not. only because tliey are thermo-
dyuamically capable of producing
incandescent particles but also
because the solid phases necessary
for the reactions may be found
throughout the construction of the
spacecraft. The iron oxide reaction
with aluminum is characteristic of
several metals that can be replaced

from their oxidr~ lattice crystal
formation by the very active
aluminum atom. The oxides of
manganese, chromium, vanadium,
lead, and nick:i ai¢ also capable
of "thermite" reaction with
aluminum, Aluminun reacting with
iron oxide is the reaction which
offers the greatest hazard poten-
tial since iron alloys and alumi-
num are frequent materials of
construction within the space
cabin and power tools.

The oxide of iron forms normally
on most steels and, since the
reaction product occupies con-
siderably more volume than the
unreacted iron, has little ad-
herence to the underlying base
metal, the oxide is usually found
scaling off as small particles.
The oxides of iron progress from
FeO to Fe304 and finally to Fej03,
all of which will react. Such
small particles, when struck by
or against aluminum could become
incandescent thermite spark sources.
That impact ic sufficient to ignite
these sparks was quite well point-
ed out by Kingman et al. 2, work-
ing with aluminum paint on rusty
steel. These investigators found
no difficulty in striking ther-
mite sparks of sufficient in-
candiveness to ignite combustible
gases., All that was found neces-
sary was two reacting comrponents
and sufficient impact to start
the reaction. Sources of energy
such as electriz sparks, hot sur-
faces, frictioi., and shear would
also initiate the reaction in air.
The most expectad reactiou would
be between Feq04 or Fey03 alumi-
num, The typical exotherm is:

3Fe304 + 8Al -»4A1503 + 9Fe +
793 kcal
kg mol -

Based on this exotherm the reaction
can be classed among the high heat

V.1.19



fuel reactions and such small in-
candescent particles would be a
definite ignition hazard.

Visibie areas of rusty steel
such as those with which these
researchers wdrked are not ex-
pected inside a space cabin.
However, some quantity of oxida-
tion product from the several
steels present could be expected
and the presence of larger areas of
aluminum would also present a sit-
uation favorable for the reaction.
Such situations might be found
where the aluminum housing of the
hand tool (gas, electric, or hy-
draulic powercd) might be struck
against a steel surface. The
ordinary impact metal-sparking
chavacteristics of aluminum
against iron are considered to be
a "safe" or '"non-sparking" combi-
nation (discussed elsewhere in this
report as metal "strike" sparks);
however, slight iron rust would
change this,

While oxygen does not enter di-
rectly into this reaction, the
oxygen atmosphers would be con-
ducive to formation of iron rust;
thus the cabin atmosphere is in-
directly involved in forming one
of the reactants.

Other areas where this reaction
might offer danger in tool opera-
tion would be inside t*+ air tool
rotating mechanism and at the anvil-

hammer interface on ordinary impactor

mechanisms., The vane-to-housing
interface in the air tool usually
finds the vanes running a tight fit
with high rotational speed against
the aluminum tool housing. A
particle of Fe203 would have oppor-
tunity to find sufficient alumi-
num and initiation from impact/shear
for thermitereform of stezl. Here
an aluminum flake could find both
impact and iron oxide particles on
the impact surZaces.

IV.1.20

The nickel aluminides are form-
ed as a metallurgical solid-state
reaction Sgow pure nigkel and
aluminum. The reaction is highly
exothermic and small particles can
become incandescent. This materi-
al is wused as a substrz® bond
coat in sprayed metal systems;
part of its unique ability as
such a universal bond coating is
that it arrives on the metal sur-
face in such a highly active exo-
thermic condition. When pure
aluminum powder particles coated
with pure nickel are sprayed
through an ordinary riame spray
gu: the metal particles are ob-
served to be c¢f maximum incan-
descence bayond the hottest part
of the flam=. They are found, in
fact, to increase their tempera-
ture after passing through the
flame because of the high exo-
therm of the Ni-Al solid state
reaction. A temperature of 922°0K
(1200°F) can initiate this exo-
therm but no information is
availeble indicating the impact
sensic. vity of the reaction.23,24

A complete metallurgical solid
solution series is formed between
100 percent aluminum toward 100
perceant nickel. This metallurgi-
cal formula is usually written:

(l-X)Al(S) + X Ni(S)—’Al(l-x)+ AH

where X = Atom fraction of the
component
and S indicates reaction in the
solid phase
AH = Enthalpy change in
cal/g-atom

In the Ni-Al series four incer-
mediate pahses are known; all
combinations are highly exother-
mic, Any combination abtove 0.1
mole fraction of either material
in the order exceeds 15 736 joule/
g-mole (400C cal/g-mole) in value
for A H. For most exothermic
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solid-state pure metal reactions
16 736 to 25 104 joule/g-mole
(4000 to 6000 cal/g-mole) is a
highk exotherm. The formation of
nickel aluminides fines a miximum
exotherm between 0.4 to G.6 mole
fraction of nickel reacting with
aluminum, with the peak exctherm
going over 58 576 joule/g-mole

(14 000 cal/g-mole).

Aluminum is a common space cabin
material, but free nickel is not
as common. Nickel is sometimes used
to plate aluminum which is to be
soldered or have a low temperature
braze accomplished later. A spark
drawn to such a housing wouid raisc
the temperature of the reactants
and initiate the self sustaining
exotherm. No data on the acticn
of these two materials under impact
is available from the literature.
Comparing the thermodynamic data of
the reaction, the reactants, and the
products of the nickel-aluminide
to the thermite reaction suggests
that Ni-Al would be an impact-
sensitive reaction. As such it
would operate much as the strike
sparks for sparking metals or for
impact generated thermite sparks.
In the range of approximately
equal mole fractioms, especially
when small flakes of either wnateri-
al were to be brought into intima:te
contact with the other reactant,
an incandescent spark source could
result which would be capable of
serving as an ignition source.

The pure chemistry and metallurgy
of these two different solid-state
reaction ignition hazards give only
a part of che true picture. The
cenditions of 100 percent oxygen in
the Space cabin atmosphere and the
EVA use of space power tools bring
up additional physical considerations
which will now be considered.

Atmostheric constituents do not

enter directly into either thermite
or Ni-Al reactions. Once initiated,
they occur euqally well in any
atmosphere, in any inert gas, or

in the space vacuum (EVA) condition.
Their direct reaction hazard does
not depend on the presence of
freely available cxygen. However,
oxygen and the hard vacuum will
affect the physicel aspects of

these reactions., First, the iron
oxide reactant which is expected

to be the only probable thermite
reaction is formed from free atmos-
phe~ic oxygen. The ignition hazard
of this particular thermite reaction
defends on the prior atmospheric
oxvgen hist~ry of the iron rust

SO ce.

Since these 3o0lid-state reactions
are hazarc ignition sources the
total risk .rvolves the potential
for devclor.ng a fire in other
fuel or combustible materials. The
presence of free atmospheric oxygen
will determine the potential effec-
tiveness of these hot particles as
fire starters. In the space vacuum
the risk of fire from ignition by
these parcvicles is much lower;
perhaps the orly risk here is the
potential. burn-through of the
pressur~ suit.

The oxygen exposure histroy of
the aluminum reactant in both re-
actions will also operate in a
very special way to influence the
potential hazard. The represen-
tation for these reactions is
usually written as the chemical
reaction:

F6203 + Al —»
or
Ni + Al->

These type fc “:ulae alone imply the
physical conditions:

V.2
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F8203 +

~

Iron rust particle

or
TN
Ni +
~

Nickel reactant
particle

. s
N

Pure alumi-
num reactant
particle

Aluminum re-
actant particles

These are not true physical states
of materials under the usual Earth-
bound or space cabin atmosphere re-

acting conditions.

A more precise

physical picture would be:

Iron rust particle
with adsorbed film.

. or
Y
YONL
\\Q:fﬁ'f';"
Nickel reactant
material with

adsorbed film.

Aluminum re-
actant particle
with aluminum
oxide film &
adsorbed film.

R
Aluminum re-
actant materi-
al with oxidized
aluminum film &

adsorbed film.

These sketches represent the more
correct physical conditions of
the atmospheric reactznts.

The adsorbed films are only
lightly held with forces on the
order of Van der Wall's bording
levels. The most tightly held of
these would he the polar adsorb-

ants such as water.

IV.1.22

These films

are removed with only small
energy levels, can be penetrated
rather easily, and do not serve
to influence the reaction strong-
ly. They are effectively de-
stroyed by heating to a few
hundred degrees. The aluminum
oxide film is quite different
from these other adsorbed films.
The forces bonding the Al,03 with-
in itself and to the base metal
are quite high and very stable.
The oxide surface is chemically
inert and a highly refractory
material. It is aot broken or
penetrated eas'ly and if pene-
trated will reform almost immedi-
ately in the presence of oxygen.

There is no large volume change
for aluminum oxidizing to aluminum
oxide; therefore, there is no in-
herent scaling off of the oxide
film as occurs during the formation
of rust and other oxides. The
result of increasing the energy
level (heating, etc.) in the pre-
sence of atmospheric oxygen is to
increase the diffusivity reaction
of oxygen through the Al1,03 film;
and consequently increase the
depth of the protective alumina
film. In the research by Pilling
and Bedworth,zsthe actual reaction
of metals with oxygen in forming
or not forming a protective film
is indicated. Metals fall into
two categories; the category to
which aluminum belongs if among
metals which do not ignite until
after they melt. Melting and re-
sultant liquid mobility causes
rupture in the protective oxide
film; effective high-temperature
combustion (rapid oxidation) is
also suppressed by the adherent
alumina film and does not proceed
until that film formation process
is disrupted. The basic reactivity
of pure aluminum mc¢ial is much
higher than the reactivity found
and expected in Earth atmosphere
use, This reduction of apparent
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reactivity and the performance ard
uses of aluminum on Earth is de-
pendent on the peculiar combination
of properties of the aluminum

oxide surface, and the normal at-
mosphere in which we ordinarily

use aluminum,

In the space vacuum we may have
the physical conditions:

F6203 + Al
- or o
Ni - + T Al

Here pure aluminum surfaces would
not form or reform the protective
film., Under conditions of hard
vacuum the thermite and exothermic
metallurgical reactions could pro-
ceed with:

1. Lower initiation energies
than these same reactions
in Earth atmospheres.

2. High~tr reaction rates than
these same reactions in Earth
atmospheres.

Considering that these exotherms
are equal to or above the energy
levels for many fuel-oxygen com-
bustion reactions they should be
investigated as carefully and
approached with as much caution as
the increased risk of fire in 100
percent oxygen. Under space
vacuum, in drilling through alumi-
num with a steel bit or in cutting
or shearing aluminum sheet with high-
iron alloy blades, in chiseling,
hammering, and other maintenance
op. rations, whether by powered or
hand tools, the extra reactivity
of non-oxide aluminum surfaces can
offer a greater potential hazard
for producing incandescent solid-
state reaction sparks than the same

operations conducted inside the
cabin or in Earth atmosphere,

Hot Surfaces.

Gas and hydraulic power. A
survey was made cf the minimum
plate ignition temperature for
various combustible fluids anl
gases which might bLe expected
within the space cabin. This
survey showed that vader the
maximum oxygen concentration ex-
pected in any space cabin the mini-
mum ignition temperature for hot
surfaces would be 461 to 478°K
(370 to 4009F). From this the
maximum safe surface temperature
for any exposed tool surface
was considered to be 408 to
4220K (275 to 3009F) in this
report,

The continuous flow of fluid
in both hydraulic and gas power-
ed tools reduces the potential
tool housing surface tempera-
ture rise well below the ignition
temperature during normal operation
of the tools. These two types of
tools also show safe performance
under high-load or stalled-loading
conditions. Gas and hydraulic
powered tools offer no hazard as
potential hot-plate ignition
sources under either normal or
overload operation.

Electric power. The electric
tool has no internal flow of fluid
which will carry off heat. The
tool generates heat from two major
sources, frictional heat in bear-
ings and brushes and electric
power resistance heat (IZR).
Heat dissipation is by convection
to the atmosphere and by radiation.
Space conditions affect frictional
heat, developed mainly in the brushes,
and both major methods of heat dissi-
pation, The interrelation between
these factors is complex; there-
fore, the several vacuum tests on
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previous dc electric power tools
and the well documented performance
of brushes under vacuum were con-
sulted to determine whether the
maximum hot-surface temperature of
4220K (3000F) could Le expected
under vacuum conditions.

USAF report TDR-63-4227 docu-
mented the vacuum tests run on a
186-W (0.25 hp) electric impact
tool developed by the USAF for
space uses. Tool housing tempera-
ture was measured at six points on
the tool housing and an atmosphere
of near vacuum was held 6.7 x 10-3
N/m2 (5 x 10-5 mm Hg). The test
was run for over 2 hours on a duty
cycle ot 4 seconds on and 3 seconds
off. A locking device prohibited
the output shaft from rotating,
which simulated a maximum load
condition. During the two-hour
test the thermocouples showed a
maximum rise in temperature from
around 292°K (659F) to 353 to 3559K
(175 <. 180°F).

During this test several problems
were noted concerning the operation
of the commutator brushes. In-
crezsed arcing '7as observed in all
tests. In some tests the brush
arcing wa. considered excessive and
the test was halted because of it.
Motor brushes were replaced with
brushes developed by Stackpole
Carbon Co. especially for exposed
high-altitude use. These brushes
alsc arced noticeable during the
vacuum tests. Although the tests
were not halted by test personnel
because cf visible arcing, the motor
did run erratically during tests
using these special Lrushes.

Inspection after the motor stalled
shoved that the copper brush leads
had softened during the test and
the brush solder had also melted.
Since most solders melt at tempera-
tures above 408 to 4229K (275 to
3009F) and the softening point of
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coppéer is also over this tempera-
ture, the indication is that these
motor brush temperatur¢s were high-
er than the safe surface tempera-
tures for hot-surface ignition.

The brush leads and solder are
near the top of the brushes away
from the running friction surface.
It can be expected that the friction
surface, the area on which the
friction heat and cesistzcce heat
losses are developed, attained a
higher temperature than did the
soldered end of the brush.

The Martin Company also d -
veloped other electric power
tools for NASA and for experimen:s
on the Gemini flights.” Tool
housing temperatures were measured
during vacuum tests in both develop-
ment programs. Operations were
usuclly conducted sc that the tool
was overloaded beyond its expected
use. Case temperatures did not
exceed the 344 to 3559°K (160 to
1809F) levels aud show that the
overall motor housing is not normally
a hot-surface ignition problem.
Problems were encountered in the
same area of motor stalling, un-
expected low speed operation and
excessive electromagnetic radiation
(interference). These problems
were traced to the motor brushes.
No information as to the tempera-
tvi.e of the brushes was given in
tnese two tests.

The higher brush temperatures
and erratic brush operation ex-
perienced in all these tests can
be expected. All the available
literature on brushes shows that
cpe.ial problems are inherent in
brushes operated at high altitude
These special problems have had
considerable attention since the
early 1940's. Since then regular
operation of large numbers of motors
on aircraft at high altitudes has
been common and the problem and
solutions have been studied,




. e et P e e« s e o e e

The major bacic changes in high-
altitude operation of brushes comes
witl 1ncreased arcing resulting
from low gas pressure (already dis-
cussed in the "switch sparks' section
of this report) and the increase in
friction of sliding solid lubricants
operated at very low pressures. The
basic studies have shown that solid
lubricants depend on small amounts
of certain cdsorbed impurities to
show tke lo; friction characteris-
tics, 15,20,

Carbon bu: “hes, with the proper
solid-state iotricant adjuvants,
show normal friction coefficients
of 0.1. 1In high altitude oneration,
where all water of hydration is
driven out of the brushes, the
friction coefficients will sudden-
ly increase to valu=s 5 to 10 times
normal., The result is catastrophic
wear, excessive heat, and generally
poor operation of the brushes. 29

The potential (voltage) drop
acrnss the brush-collector intex
face is also subject to small changes
in the constriction resistance,
which is in large measure a function
of the condition of the solid films
formed at the interface. Thus,
constriction resistance becomes
important in determining the elec-
trical temperaiure generation. In
the case of high-altitude operation,
the temperature is dependent orn
only small changes in the .custriction
resistance. This dependence is shown
in Figure 7.

Considering that both friction
heat and electrical heat generated
at the brush-collector interface
are higher and that either heat
source may exceed the maximum safe
ignition temperature (also con-
sidering that convective heat
transfer in the vacuum is practi-
cally nil), it should be expected
that the brush troubles eviienced
in the tcsts are to be incurred

under vacuum operation.

Under stalled rotor or other
failure mode of operation the
tool nousing surfaces would be-
come excess'vely hot, but only
after several minutes under
stalled conditions. S8ince the
tool will be hand held in use,
continued long-time operation
at stall can be avoided. The
effects of shorted windings and
even stall overload can be avoid-
ed by fusing the tocl. The
pressure suit and other pro-
tective outer gear and operation
within a vacuun wili prevent the
astrordut from easily sensing a
tool housing temperature rise.
Therefore some adcitional de-
fice(s) should be built into
the tool to indicate tool hous-
ing temperature to the astro-
naut during use.

The Power Tool as a Source of
Fuel

Metal Fuels. The major nass
of matevial is ccmposed of the
metals of which the tools are
manufactured and the metal struc-
tures on which tho tools are used.
Even though metals are not general-
ly classed as fuels, we must be
concerned with the fuel potential
of metals in cembustion reactioms.
From the staudpoint of heats of
combustion, metals comp:ire favor-
ably with recognized fuels.

Tabie ILI shows tte heats of

combustion of several space-

craft materials compared with
severa. fuels,

In determining the relative
value of a material as a practi-
cal fuel or as a hazard as a fuel,
other properties must Le consider-
ed. The reaction products of the
combustion reaction have a large
influence on the chavracter of the

IV.1.25
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Fuel
Carbon (C)
Methane (CHA)
Acetylene

(C,H,)
Beryllium

(Be)

Magnesium
(Mg)

Aluminum

(A1)
Titanium (Ti)

Iron (Fe)

TABLE III, HEATS OF COMBUSTION

Combustion
Products

co,, CO
co,, H,0

n

co,, H,0

BeO
MgO

A1203

Ti203

FeO

At, or

Mol. Wt.

12
16
26

24

26

47

56

32

55

48

67

25

30

15

J/kg
Fuel

768 400
776 000

804 000

396 000

564 000

212 000

803 200

648 000

BTU/1b
Fuel

14 100
24 000

21 000

29 000

11 000

13 0GO

6800

2000
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reaction. Combustion of the common
fuels listed above, such as carbon,
methane, and acetylene, produce
gascous combustion products which
do not interfere with the access

of oxygen to the remaining hot fuel
surface. Magnesium is a metal fuel
which has a solid combustior product
(Mg0). The cubic oxide crystal
particles formed, however, are not
compatible with the hexagonal
crystal structure of the basic
metal, and evolve from the com-
bustion in a cloud of smoke
composed of small white particles.
This process is very similar to

the combustion of the carbonaceous
fuels listed above, and no inter-
ference is offered by the Mg0
product to the further combustion
of the parent metal surface.
Magnesium is therefore a threat

as a metal fuel. This particular
reaction is well known and usually
is a major consideration in pro-
jected aerospace uses of magnesium.

Aluminum's reaction with oxygen
has been mentioned previously.
The reaction product is tightly
adherent to the base metal and
serves effectively to block fur-
ther rapid oxidation at normal
temperatures. The temperature of
aluminum must be brought well above
the melting point of 933°K (1220°F),
or to about 12739K (1832°F), in the
highly molten state, before the
aluminum oxidation reaction will
proceed as a self-supporting
oxidation reaction; i.e., before
combustion will proceed.jo While
aluminum, from a chemical stant-
point, is as reactive as magnesium,
and aluminum will supply more heat
per pound of oxidized metal, be-
cause of the basic nature of its
combustion aluminum is not a
practical fuel., As a safety hazard,
combustion of significant amounts
of aluminum will not proceed unless
there is another large combustion
reaction preceding the high-tempera-

IvV.1.28

ture combustion of molten alumi-
num. Therefore aluminum is not a
practical safety hazard.

Titanium is similar to alumi-
num. Although the oxide reaction
product is not as adherent, it
will tend to protect the metal,
Research on titanium combustion
in 100 percent oxygen showed that
titanium would ignite spontane-
ously under static conditions in
pure oxygen and at pressures of
24.13 x 10°N/m2 (350 psi) or
more, but only if a fresh surface
is created, such as by scraping
the surface. Under dynamic
conditions, such as material
rupture under stress, the same
condition applies, but down to
pressures as low as 34.47 x 10
N/mZ absolute (50 psia).

The practical value of any
metal fuel, then, is complex
and will depend on the heat of
reaction; rate of reaction;
ignition temperature; stability,
physical, and chemical nature of
the reaction products; dissoci-
ation pressure and heat capacity
of the reaction products; and
the specific conditions under
which the fuel and oxygen are
supplied. For solid metal fuels,
no special differences in their
conbustibilities can be found
in space flight except for the
potential for a much higher re-
action rate in 100 percent oxygen.
Safety considerations as are
usual in aerospace work should
be sufficient in selecting metal
materials for power tools.

Powdered metals offer a very
different degree of hazard as a
fuel supply than do solid metal
fuels. Powdered metals dispersed
in air form explosive mixtures
with ignition temperatures much
lower than those «f the corres-
ponding bulk metals. 0 Since a
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relatively high ignition tempera-
ture is the one common character-
istic which puts most solid metals
out of the class of a practical
fuel hazard, the drastic lowering
of ignition temperatures in the
finely divided metal powders brings
powdered metals definitely into the
high-hazard category. Higher re-
action rates when exposed in 100
percent oxygen atmospheres will

add to this hazard. 1In addition,
under zero or subgravity conditions
the larger particles of metal will
tend to "float" and remain a part
of the dispersed metal powder, with
no natural falldown of such parti-
cles. Therefore, any process which
produces small meta’ particles will
be accumulative toward a hazardous
situation. Production of metal
chips and metal powder by tool
operations, unless completely con-
trolled, will bring about a definite
safety hazard. Such operations will
produce a dispersed metal fuel with
inherent high heat release and in-

herent high rates of reaction, a fuel

which can be ignited by common igni-
tion sources. Such dispersed metal
fuels should be considered as a
hazard equal to highly combustible
gaseous mixtures.

The Electri¢ Power Tool as a
Source of Fuel. ~Provided the power
tool is manufactured of metals
ordinarily reasonahbly safe as fuels
under 100 percent oxygen(i.e., not
made of magnesium), then the only
potential fuel supply from an elec-
tric tool will be contained in the
content of the lubricant and the
wiring insulation.

The amount of lubrication re-
quired n an electric power tool
is small and under normal circum-
stances solid lubricants are used.
Polytetron fluorethylene (PTFE)
and Teflon represent almost com-
pletely nonflammable lubricating
materials. These materials are

ignition-safe even in 100 percent
oxygen. Dry molybdenum disul-

fide will not burn in air, but
incandesces slowly in oxygen.

Under these conditions the binders
are expected to be the fuel con-
tributor and may be controlled

by specification to the MoS
supplied. Tri-cresyl phospate is
accepted by the Canadian Fire Re-
search Organization as the lubri-
cant for work in oxygen, even
though it will burn slowly under
100 percent oxygen. The quantity
required in small electrical power
tools is so small that this lubri-
cant does not present a fuel hazard.

There are several military
standard and commercial standard
types of wiring insulation which
are accepted as nonburning or
generally considered noncombusti-
ble. Some of these materials will
burn in 100 percent oxygen. Those
that will burn include polyvinyl
chloride, glass fiber and asbestos.
PVC is typically one of the class
of safe materials in air but un-
safe in 100 percent oxygen. The
glass fiber and asbestos materials
are not inherently unsafe; they
w#ill burn only to the extent that
they contain certain binders added
in their manufacture which will
burn in 100 percent oxygen but
will not burn in air. Teflon and
PTFE appear as good nencombusti-
ble electrical insulators along
with specially made glass or as-
bestos materials,

The mass of fuels represented
by the clectrical insulation is
large enough so that it does offer
a threat as a fuel. Insulation
must be carefully selectcd and
tested under 100 percent oxygen
conditions so that this threat is
removed from th: tool in 1rs orig-
inal design stage.

The Gas Power Tnol as & Fuel
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fwiction and the resulting

Source. Provided the gas power
charring of the vane -blade.

tool is manufactured of metals
ordinarily reasonably safe as a
fuel when used under 100 percent 3. An additionel power drop
oxygen (i.e., not manufactured of which is caused by the
magnesium), then the only potential char and dirt, vhich is
fuel supply from the gas tool will no longer flushed out.

be contained in the lubrication
required. 4. There is scoring and ex-
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The requirement for lubrication
in the air tool is critical to its

operation and is a continuous "'flow

through" type requirement. The

last item in the air line feeding
the air supply to the tool will be
the lubricant reservoir and injector.

Additionally, the tool may have its

own internal lubrication reservoir.

Most of these systems operate with

the amount being supplied giving

an "oil-wet" exhaust condition, when
being properly lubricated. This
excess oil is carried off with the
exhaust air and diluted into the
terrestrial shop atmosphere.

Lubrication in the gas tool per-
forms several vital functioms other
than reducing friction and wear
The liquid lubrication medium is used
as a thinline liquid pressure seal
running at the vane-housing inter-
face. It also assists in removing
heat directly from the sliding vane-
metal housing friction surfaces, and

it flushes out particles in the motor.

0il is vitally necessary for de-
veloping power in {he air tool.
This is illustrated by following the
progressive deterioration sequence
of an air motor running without
lubrication:

1, First, there is a drop in
speed and power immediately
upon losing the pressure
sealing function in the
motor.,

2, The cylinder liner heats as
a result of increased blade

V.1.30

6,31,32

cessive wear by accelerated
abrasion.

5. Further damage is done by
worn blades riding at an
angle and gouging the
housing liner or by blades
breaking ard1 chipping off.

The minimum amount of oil
usuage appears to be two drops
per minute 0.0024 m3/s (25 cfm)
being used. Approximately
0.00316 m3/s/W {50 cfm per horse-
power) is required in the small
fractional size motors. For a
motor with 186 wat:s (0.25 horse-
power), about 0.0057 m3/s (12 cfm)
will be used near load speed, or
an oil usage of onc drop per
minute per tool. If only a small
percentage of this amount of ordi-
nary lubricating oil accumulates
in some part of the tool, it will
represent a very hazardous fire
situation. At some point the oil
must be exposed to the 100 per-
cent IVA environment, unless the
gas exhaust system is completely
sealed and vented overboard. Such
an oil vapor in 100 percent oxygen
is one of the most volatile fuel-
oxidizer mixes available.

The gas power tool offers a
fuel supply hazard that is in-
herent in the relatively large
amount of ''flow through" lubri-
cation. The safety hazard is
offered as pooled ¢*1l within the
tool or as a vaporized fuel-
oxidizer mix within the cabin.

Tne Hydraulic Power Tool as a
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Fuel Source.

The hydraulic power
tool will have whatever fuel

hazard is offered by the type of
prime power used, whether elec-

tric or gas drive. In addition,

it will have its own special poten-
tial contribution to the fuel hazard.

The major contribution to a
combustible fuel supply in all the
types of power tools considered
would easily come from the hy-
draulic power source. The amount
of fluid circulating would cause
a major problem if damage to the
tool occurred. Ordinary leaks
that are standard in such equip-
ment would be excessive within a
closed ecological system. The
condition of being able to collect
easily at a single point and to vent
this effluent from ordinary leaks
would not be as readily accomplish-
ed in the hydraulic system as it
was for the pneumatic.

Research has shown that the
conditions in space cabins greatly
increase the danger of conflagration
should hydraulic fluid be let into
the cabin. From this research,
Figure 8 shows that all hydraulic
fluids decrease in spontaneous
ignition temperature (S.I.T.) when
the atmospheric oxygen content in-
creases., This decrease is from
S.I.T. of 644 to 672°K (700 to 7509F)
for most high-temperature hydraulic
fluids at normal oxygen concentra-
tions to 519 to 5339K (475 to 5009F)
at high (space cabin) oxygen con-
centrations. These so-called high-
temperature fluids ignite at about
the same temperature as the standard

fluids under the high-oxygen condition.

The combination of high probabil-
ity and the consequences of a hydrau-
lic system fuel fire was considered
to be too great to allow the use of
hydraulics within the space cabin.
Another USAF study (as yet incom-
plete) recommended that only solid,

brazed, pressure-tested hydraulic
joints be considered, and that no
flexible hydraulic lines be allowed
inside the manned compartment,

The conclusion is that probably
the most serious fire hazard is
offered by the hydraulic power
source. From a safety standpoint,
this source is probably too danger-
ous for consideration.

Toxicological Hazard

The Electric Power Tool as a Toxic
Producer - The electric power tool
has two conditions under which it
will produce potentially toxic
substances, ozone produced at the
brush-commutator interface, and
pyrolysis products from overload
failure or electrical fire in the
tool.

The production of ozone from
oxygen fed through an electrical
arc is a well-known phenomenon.

The increased susceptibility toward
arcing and sparking at the brush-
comuctator interface at low at-
mospheric pressures is also wel’
documented. These two facts would
support the potential for the brushes
in an ordinary electric motor to
produce ozone during use.

The Martin Company, in develop-
ing the electric-drive Multipurpose
Space Tool for both the NASA and
USAF programs, tested their tools
for ozone production. These tests
as described were not complete
enough to give assurance that all
such electric tools, or even those
tested, were sufficiently free of
production of harmful amounts of
ozone. This remains a little-
defined problem which must be fully
proven by test before any open-
brush motor is declared sufficiently
free of ozone production to be safe
from this hazard.

V.1.31
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The pyrolysis products from many
electrical wiring insulations are
more dangerous than the small fires
which produced them. While the
fire may be small, the contribution
within a small-volume closed ecologi-
cal system by pyrolysis of the wind-
ings of only one motor would add
to, approach, or exceed the threshold
limit values set for these products,
Most toanicological threshold limit
values are based on 8-hour exposure
for a working week. Toxicologists
agree that these values must be
drastically reduced within the space
cabin. Here the exposed cont inu-
ously, and the accumulative eifects
of many toxicants never be! re
placed simultaneously must be con-
sidered. 1In addition, the environ-
mental control systems have only
limited capacity to remove solids
and certain gases, and may be over-
loaded with only small amounts of
unexpected toxicants.

Part 1 of the Space Cabin Atmos-
pheres study is decvoted entirely
to oxygen toxicity. Under the
exposurc conditioms of spaceflight,
especially long Juration 100 per-
cent oxygen, even oxygen becomes
suspect as a toxic gas. The addi-
tive effects of toxicants plus the
relatively small real time experi-
ence for humans under such conditions
requires the reduction to zero or
near zero for foreign toxic materials.

The electric tool may produce
ozone at the brush-commutator inter-
face in amounts which can be danger-~
ous and under fire-failure mode the
pyrolysis of electrical insulatioms
may be a greater hazard than the fire
itself,

The Gas Powered Tool as a Toxic
Producer - The lubrication added
to the tool appears as a toxic
irritant even in small amounts,
and in accumulated running of a
single tool over one hour (in the

Apollo v.'lume) will represent a
systemic toxic level,

The gas power too' proauces a
toxic condition inherent in its
present design and operation.

The Hydraulic Power Tool as a
Toxic Producer - The hydraulic
power tool will have the hazard
inherent in the type of prime
power driver. 1In addition, it
will have the added hydraulic
fluid from small leaks. For
present hydraulic systems this
would amount to a quantity
added of approximately one-fourth
that produced by the gas power
source.

Special Tool Hazards

In addition to the hazards
listed above, these power sources
offer certain special hazards.

The electric tool may offer the
electric shock hazard. The past
electric tools, which were oper-
ated under 15 volts, do not offer
a practical electrical shock
hazard. Deciding precisely at
what voltage we get into this
type potential hazard may be diffi-
cult, but if operated under 30 volts,
it seems that no practical hazard
exists,

The hydraulic tool offers a
special hazard. The hydraulic
fluid is operated at high pressures;
if such a high-pressure line is
broken, the high pressure spray
of hyAraulic fluid near the break
is found to have a much lowered
spontaneous ignition termperature.
The effect is very similar to diesel
injection ignition. This increased
risk adds to the large fire hazard
already discussed concerning this
type power tool,
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SUMMARY AND CONCLUSIONS

This study has shown that hydrau-
lic, electric, ana gas power sources
offer safety hazards when used as
Space power tools.

The hydraulic power system must
be driven by either an electric or
gas power source and will therefore
have the inherent disadvantages of
the chosen prime powerr source. The
hydraulic system offers a major
fire hazard, especially should a
failure occur in the hydraulic
supply system. Because of this
hazard it is recommended that
hydraulic systems not be con-
sidered where there is any IVA
requirements.

The gas power tool offers several
hazards. Any tool housing manu-
factured of high-aluminum alloys
will have a natural insulating,
auto-oxidized surface or may have
any extra thick anodized surface
of aluminum oxide. Even if the
aluminum is electrically grounded,
this surface film will be potentially
effective in allowing an electro-
static spark to build up.

There are two solid-state re-
actions which can occur to create
incandescent hot particles, Both
reactions involve aluminum metal,
One vreaction is aluminum with iron
oxide (rust); in the other alumi-
num is reacting with nickel. Both
will operate in either the pre-
sence (IVA) or absence (EVA) of
gaseous oxygen. Both reactions may
be initiated at lower temperatures
and may react at faster rates in
space because of the lack of free
oxygen to form a protective film,
Any drilling, cutting, or shear-
ing of an aluminum/steel combina-
tion will involve this potential
reaction.

These solid state reactions are

IV.1.34

not a hazard to the air tool but
may occur with any tool system
where the two reactants are
brought into intimate contact.

The major disadvantage pecu-
liar to the gas tool is found
because of its high, continuous
liquid lubrication requirement.
This lubrication represents a
fire hazard if accumulated into
a small "pool" condition and
offers a major hazard as a vapor-
ized fuel expended into the 100
percent oxygen cockpit environ-
ment.

Dispersed lubrication accumu-
lating within the environmental
control system is also a toxi-
cological hazard.

There are also several hazards
peculiar to the electric power
tool. TUnless the electrical
wiring is chosen for its heat-
failure mode under 100 perceant
oxygen conditions, the wiring may
offer both a small fuel supply
hazard and a larger hazard in its
emission of toxic pyrolysis pro-
ducts. The metal case may strike
sparks unless '"'safe' metals are
used in its manufacture. The
on-off switch may serve as a
spark ignition source, especially
on the break-circuit condition.

Several hazards occur as a
result of the requirement for
carbon brushes carrying current
through slip rings and comnu-
tators. The brushes may create
the toxicant ozone; brush arcing
and sparking will create radio
magnetic interference (RMI or EMI).
This arcing may also serve as an
ignition source for gaseous com-
bustibles or severely arcing
brushes may eject incandesceat
carbon particles. The hot brush
surfaces may also serve as igni-
tion sources. Brushes running i-
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vacuum will be generally unreliable
and nave high or catastrophic wear. 28

Both the electric and gas power
tools offer some hazard when used
in space flight. Some researcn
and development must be accomplished
if these tools are to be considered
as a completely safe power source.

This study has shown several
hazards peculiar to tools, and also
several that are important hazards
not specifically limited to power
tools. These hazards will be listed
again since they may apply in many
aspects of space flight.

1. Production of free metal powder
and chips in an IVA environ-
ment, especially if the en-
vironment is 100 percent
oxygen, produce~ 2 highly
combustible mixture that can
be ignited well below the
bulk ignition temperature
of the metal.

2. There cre two dangerous heat-
envolving solid-state reactions
of aluminum with iron oxide
(rust) or aickel metal. These
reactions may be initiated at
lower energies and have fast-
er, more encrgetic reaction
rates in the hard space
vacuum,

3. Grounded aluminum structures
may present an electrestatic
spark hazard because of the
ever present alumina or in-
sulating film on the aluminum
surface.

RECOMMENDATTIONS

Neither the electric nor the
gas power tool is sufficiently safe.
In deciding which one of them will
be improved there are three major
considerations:

1. The deve.opment program
must resolve the major
safcty hazards without
sacrifice of tool per-
formance or tradeoffs
that will introduce other
hazads.

2. There should be high confi-
dence in the end result of
the development program
befoure it is undertaken.

3. There should be no other
outstanding deficiencies
in the power source chosen
for development which would
eif.ectively prohibit its
real value for use on active
missions.

This study has been conducted
within the considerations of safe-
ty and reliability. From a safety
standpoint all the inhkerently
extra hazardous high-energy fuel
cycles have been eliminated. A
previous study showed that even
using maximum-energy cycles the
gas power source was at a dis-
advantage when compared on a
power versus fuel weight basis.
With safety considerations limit-
ing gas tools to only low energy
pressure-work systems, this dis-
advantage is increased. From the
standpoint of weight requirement,
there is a practical quescion of
whether such a power source could
be accepted.

Positive predictions of the
improvement of the gas tool for
use in space flight are also diff#
cult. Where we have extensive
statistical background of use of
electric motors in many protected
and exposed locations on high
altitude aircraft, we have no
equivalent background on air motors
other than terrestrial shop use.
Where the difficulties with the
electric motor have heen extensively
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researched and basically well de-
fined both rnractically and theoreti-
cally, the development program for
that gas powar tool would have
neitiier large amounts of practical
intormation nor be based on deep
theoretical knowledge about the
processes involved.

Suggestions to make use of .ome
special advantage of the gas tocl
in order to increase its positive
value are also difficult. It has
been suggestued that such a teol use
oxygen 33 the gas, and to supply
the vented gas to the cabin atmos-
phere as the human oxvgen supply.
The human oxygen requirement is much
lower tnan the tool gas use require-
ment. On Gemini flights only 47.17 kg
(104 1bs.) of oxygen was carried in-
rluding reserves for 2 men for 14
days.39 The long-term average use
is expected to be 0.9 kg (2 1b.) of
oxygen consumed per day for cach
man. Figu.e 9 shows typical per-
formance cu-ves of a gas power tool
of hand tool size (approximately
186 W or 0.25 hp). The flow-rate
requirements show that with 50 per-
cent on-off duty cycle only a few
minutes of tool use would produce
enough oxygen to satisfy the daily
requirements of the astronaut. A
more economical gas use may be
effected through a development
program but it is doubtful whether
a gas power source can be brought
into energy balance with the gas
useage requirements of the human
body. Any such scheme of use of
the gas effluent from the tool in-
side the cabin brings the tool
directly into the environmmental con-
trol system loop and will generate
additional problems.

The electric power source offers
a favorable contrast for possible
improvement. Should the major safe-
ty hazards be eliminated the electric
tool has other very favorable charac-
teristics for use in space flight.

IV.1.36

Two development cptions offer
some confidence in being able to
make the necessary improvemerts
in the electric powei tccol,

One method would be to adapt
the higher frequency ac induction
motors, for space tool power source.
Such a motor would operate on 300 Hz
or higher ac power. 1Its advantages
are known in ordinary shop use to
be sufficient to shift some shops
to this type tool in spite of the
requirement for a frequency changer. 4,
It would remove most of the problems
associated with a brush-commutated
dc motor but would introduce the
problem of obtaining and using a
type of electric power not developed
by the prime space-electrical systems.
It would require a frequency changer
and would also introduce the elec-
trical shock hazard.

35

The other electrical develop-
ment option would be to adapt a
new type of brushless dc motor,
previously developed by NASA for
satellite and space power appli-
cations, to a configuration and size
for use as a power tool drive.

This development was previously
accomplished by NASA and the Sperry
Farragut Company. 36,37 The ob-
jective on the original program
was to develop a very small low-
wattage motor for special use in
hard vacuum space conditioms, It
is true dc motor and its unique
properties and design are based
on a photosensing solid-state
commutat »r system. In this de-
sign the rotor is a permanent
magnet while the stator contains
the windings. A small light
shield is attached to the rotor
which rotates around a stationary
lamp. The lamp is operated under
derated conditions and a light
bea.a passes out through the light
shield. Photodiodes in the station-
ary commutator section sense the
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position of the rotor. Signals
from the photodiodes control a
solid-state amplification and power
switching system which energizes
the proper stationary armature
coils. The input dc power is

thus switched and commutated with-
cut transfer through a brush or
sliding contact and without trans-
ferring to a rotating electrical
component.

This system ..ill eliminate the
orush problems of arcing and
sparking, the potential to pro-
duce ozone, the hot-brush surface

e ies . N s s
ignition hazard, high fricticn

and wear, and general low relia-
bility of the brush commutator
system.

Because of the unique design,
other safety improvements can also
be accomplished. Since the station-
ary armature windings do not rotate,
it is practical to consider encasing
these windings and pressurizing the
case with an atmosphere safer than
100 percent oxygen. Such 2 hermeti-
cally sealed motor would have a
much lower fire hazard from the
electrical insulation but in case of
fire could be built to contain the
pyrolysis products. Thus even
under failure-mode operation, the
motor would fail-safe with respect
to its potential toxic (fire)
hazard.

Solid-state devices are used
throughout the main power circuit.
This allows the consideration in the
design to use a low-power solid-
state ''gate" switching sub-circuit
at the on-off motor switch. 1If
accomplished, solid-state cwitch-
ing would allow the motor to be
conirolled by a power circuit
where the order of magnitude for
voltage and current would be 0.5 to
0.75 V and 200 to 300 mA. Accom-
plishing these low switching values
and isolating this switching cir-
cuit from the main power circuit

vV.1.38

may allow the switch to be main-
tained at all times below both
the critical minimum voltage and
minimum current necessary to
produce the "break" switch spark.
Tnis would completely eliminate
the switch as an ignition source.

This motor to date has seen
several specialized applications
since the first low wattage
(fractional horsepower) model
was developed. There have been
at least four different sizes
designed for several different
uses on satellite systems. Al-
though no design suitable f£or usc
as a tool power drive has been pro-
duced, the original concept has
been scaled up to a 746 W (1 hp)
motor pump drive.

There should be no major limit-
ing reason why this type motor can-
not be produced in a size, pow~r,
and torque range suitable as a
power tool drive. Since the
solid-state ccmmutator will be
heavier and will occupy more
volume than the brush commutator,
design attention should be given
to the possibility that some of
the commutator system be placed
at the source of power; i.e., in
the tool battery housing for a
portable system, or at the power
plug in a ship-supplied system.

The photodiodes and the power
diodes produce some heat znd this
must be conducted away since
these devices do not opera:e
properly at temperatures above
3660K (2009F). Keeping these
solid state devices cool may be
the only design difficulty, but
it should not be a limiting de-
sign condition.

Several other features should
be included in the motor develop-
ment and design. The motor should
have a simple system to indicate
housing and internal temperatures.




B ]

This may be a self-powered circuit
(thermocouples) with a gauge indi-

cator built into the rear of the

case, or temperature indicating

paints may be used. Several tempera-

tures points should be measured so 2.
that localized heating would be

registered.

The power circuit should be
protected with a fusing system so
that sustained electrical over-
load would not be possible.

Collateral with safety improve-
ments in the motor, it is recommend-
ed that studies be undertaken to:

1. Investigate the ability of
the insulating alumina film,
formed on grounded aluminum,
to store an electrostatic
charge. Auto-oxidized and
various anodized aluminum
alloys, including the heavy
hard coat process, should be
investigated. Should the
practical hazard from such
electrostatic sparks be
proven through this investi-
gation, then conducting coat-
ing of nonauto-oxidizing
metal should be developed.
This thin coating wouid modi-
fy the surface of the aluri-
num so that effective insu-
lating films would not form
and the surface could be
electrostatically grounded.
Such a coating would not
appreciably alter the favor-
able properties of seight,
strength, and safe strike-
spark characteristics of the
basic aluminum. It is
suggested that the coating
could be a 2 percent
beryllium copper coating
applied by flame spray or
vacuum metalizing. In de-
veloping the coating a pro-
cess must be used which will
place it onto the conductive

aluminum surface and
effectively ground poten-
tial capacitative spark
development.

Investigate the solid-state
reactions of iron rust with
aluminuem and nickel metal
with aluminum while under

the conditions of hard space
vacuum. Quantitative values
can be placed on the tempera-
ture of initiation and the
rate of reaction by 2 re-
search method such as
differential thermal analysis
while under vacuum conditions.
Whatever method of analysis
is used it should be based

on providing an atomically
clean unoxidized aluminum
reacting surface. It should
provide practical and quanti-
tative theoretical answers

to the development of in-
candescent sparks when per-
forming drilling, cutting,
and other operations in

space on aluminum with

rusted steel tool surfaces.
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SUMMARY: Manipulators have application for tasks

such as docking, tethering, grappling, mass transfer,

refurbishment, and repair. Advantages of manipulator
systems include astronaut effectiveness and safety,
continuous EVA with operators working in shifts, and
remote operation from space or ground stations. At
present, no manipulators are space qualified; however,
there is an adequate technology base to undertake their

development.
INTRODUCTION

The potential capability of space
manipulators was dramatically demon-
strated in April, 1967 when the Moon-
Digger on Surveyor III successfully
touched, tapped, pressed and trenched
the surface of the moon. This drag
shovel is a simple mechanism having
only four step-controlled motions.
Crude as it is, it scooped lunar soil
samples and deposited them within a
quarter-inch accuracy.

The true value of space manipula-
tors -- the utilization of man's adap-
tiveness and ingenuity -- was demon-
strated in January, 1968 when the

Surveyor VII Moon-Digger corrected
an equipment failure and savedaval-
uable experiment. This manipulator
application of the Moon-Digger was
not conceived until after the failure
had occurred on the moon.

Recent studies for NASA and
the United States Air Force indicate
that manipulators may effectively
perform extravehicular tasks in
space. Time and motion studies by
the Argonne National Laboratories
(ANL) (Reference 1) have shownthat
simulated space tasks canbe accom-
plished by a shirt sleeve operator
using a master/slave manipulator
about equally well as an astronaut

1v.2.1

t e S

~



in a 3.5 psi space suit, 1.1 either ap-
proach, the time was about triple that
raquired to do the task directly by
hand.

The basic concept of space con-
trolled and ground controlled manipu-
lator systems is illustrated in Figure
1 (see next page). This shows a slave
manipulator system on a remote maneu-
vering unit controlled from either a
master station in an SIVB Workshopor
a master station on the ground. In ad-
dition to these two concepts, this paper
will also discuss electric manipulators
positioned by a boom (e.g., Cherry
Picker or Serpentuator*) and through-
wall manipulators,

The Air Force Aero Propulsion
Laboratory sponsored ''Remote Man-
ipulators and Mass Transfer Study"
(Contract AF33615-67C-1322) by the
General Electric Company (Reference
2) and arrived at the following con-
clusions:

1) Space or ground controlled man-
ipulators for space missions are
technically feasible within the
present state-of-the-art

2) Electric master/slave manipula-
tors based on designs now used
in nuclear laboratories can be
developed for flight on manned
vehicles in five to ten years

3) Manipulator systems should be
considered rather than astronaut
EVA in space controlled manned
missions when:

a) Extra-hazardous environ-
ments or tasks are involved

b) Endurance is required

*Articulated boom being developed
by NASA/MSFC
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4)

5)

c) Cost, weight or probability
of success advantage is dem-
onstrated

Manipulator systems should be
considered for ground controlied
unmanned missions when:

a) Cost-effectiveness is demon-
strated relative to deploying
a manned system or relative
to total satellite replacement

b) Hazardous missions are in-
volved

Man-equivalent manipulator-TV
systems similar to that shown in
Figure 2 appear to be optimum
for both manned and unmanned

missions

FIG. 2 - MANIPULATOR-TV SYS-

TEM ON REMOTE MAN-
EUVERING SATELLITE

6) Immediate development is re-

quired for:

a) Time, motion and encrgy
versus task data for mission
planning and preliminary
system design
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FIG. 1 - MANIPULATOR ON REMOTE MANEUVERING UNIT

CONTROLLED FROM SPACE STATION OR EARTH
STATION
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b) Transmission time delay ef-
fects data for control system
design and operator training

The above conclusions result irom
an analysis of work elements in earth
orbit tasks and a conceptual design
study of manipulator arms to accom-
plish these tasks. Weight, power and
thermal analyses of the arm design
shown in Figure 2 show that this sim-
ple, passively cooled design can meet
the specifications established by the
study for a synchronous satellite re-
furbishment mission., The feasibility
of ground control for this system was
strengthened by experimental trans-
mission time delay work done in sup-
port of this study by Professors W.H,
Ferrell and T. B. Sheridan of the Wi-<-
sachusetts Institute of Technology.
Their previous work (Reference 3)
had shown that two dimensinral mani-
pulation with transmission time delay
between master and slave r~ould be
accomplished predictably with an
open-loop (unilateral) mov. 1 wait
strategy. During the rece::t subcon-
iract, they demonstrated tiic* their
conclusions are valid for siy Jegrees-
of-freedom manipulations as v <ll,

MANIPULATOR TECHNOLOGY

This paper is concerned with man-
controlled manipulators as tontrasted
to programmed robots with @rtificial
intelligence. The -aanipulatér-TV
system shown in Figure 2 is not a ro-
bot, but is a slave mechanism repro-
ducing a human operator's hand and
head motions. Forces and torques
applied by the operator to the master
arms are also reproduced ‘gt the slave,
and vice versa, Only the bperator's
hands are involved. This is done by
linking the mectanism's joints to be

I‘Vrt 2 . 4

kinematically determirant within the
manipulator's working area. The
controls are deceptively simple.
Coriesponding maste. and slave
joints are independently servoed
together so the torque developed by
their actuators is proportional to
the position error between each
master and slave joint. Hence, the
linking structure is the only control
interaction between the joints of
the manipulator arms.

The terms 'telefactor" and ''tele-
operator'' have been proposed by
Bradley (Reference 4) and Johnson
(Reference 5) to describe remotely
controlled master/slave mechanisms.
Since the manipulator-TV system is
b'igrire 2 has man-equivalent reach
anc¢ working force, it can be described
as an androidal trleoperator, or an-
droid for short. Thus, the term
robot can be savei for its seemingly
inevitable futur. w.:,

There are tvn asic typee of
manipulators:

e Genera' : . pose Manipulator
A rcar _ ».trolled device with
gew <L+ more independent
m-.": i5; one for grasping,

th rel for translation motions,

tree for angular motions,
and redundant motions as re-
quired for work site access
or dexterity

e Special Purpose Manipulator

A limited motion manipulator
with less than six degrees of
freedom at th:: !erminal de-
vice

The general purpose manipulator,
such as the E-? type electric mani-
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pulator shown in [Figure 3, is used for
tasks that require adaptability and cun-
not . 2 reasonably automated, i.e.,for
tasks requiring human judgment or
dexterity. The special purpose mani-
pulator is used for simple, potentially
programmable tasks or when the
transporter or vehicle carrying the
manipulator can provide the missing
degrees of freedom.

FIG. 3 - E-2 ELECTRIC MANIPULA-
TORS USED BY GENERAL
ELECTRIC IN SPACE SIM-
ULAT:IOIN STUDIES

There are many varieties of ex-
isting manipulaters and potentially
an infinite variation of new ones. How-
ever, they tend to separate into two
groups:

a) Bilateral: Bilateral manipulators
are reversible, A force or mo-
tion applied at the input (master
handle) will produce through the
control system and mechanisms
of the manipulator, a force or
motion at the output (slave hands).
Similarly, if a force or motionis
applied at the output, it will pro-
duce a force or motion at the in-
put.

b) Unilateral: Unilateral manipu-
lators are not reversible, Forces
and motions at the slave are not
transmitted to the master. There
is no force or motion feedbark
between the output and input,

Fr-.- system weight and reliabil-
ity cons - - acions, it is concluded
that th: - _=zuaipulatcrs for space ap-
plicatior 5 will be limited tc manual
and/or al! electric types for the
foreseeable future. An example of a
manual through-wall manipulator is
shown in Figure 4 being used fo.:
docking and tethering experiments.
This tape and cable connected mas-
ter/slave manipulator is the most
widely used model for ""hot" labora-
tory work. The bulkhead sealing
problem in space vehicle applications

FIG. 4 - M-8 MANUAL MANIPULA-
TORS USED BY GENERAL
ELECTRIC FOR DOCKING
SIMULATION
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may be easier to solve with manual
manipulators using ball-joint bulkhead
pivots. However, ball-joint type of
manipulators have motion reversal
and require larger working volume at
-he master,

Electric master/slave manipula-
tors can be bilateral or unilateral.
The hilateral M/ S manipulator is the
most versatile and best performing of
all manipulator systems. Tnhe unila-
teral M/S is next and offers potential
weight advantage for space controlled
systems and stability advantages for
ground controlled systems involving
transmission time delay. The uni-
lateral master station requires no
force feedback actuators which ~ccount
for nearly half of the weight of a bila-
teral M/S system. However, the uni-
lateral M/ S system energy consump-
tion will be much higher because (1)
force levels are indeterminant, (2)
better TV is required and (3) more
time is required to complete a task.
Control station weight can be even
further reduced by using panel control
rather than master/slave. On-off or
rate controls for each slave motion
can be individual or coordinated with
a joy-stick. Many tracking type tasks,
st.ch as docking, cannot be reliably
performed with unilateral panel con-
trols and those tasks that can be per-
formed rake typically ten times longer
to accomplish. Although their perfor-
mance is poor, panel controlled sys-
tems can have an overall advantage
for simple missions. And if commun-
ication bandwidth is limited, they may
be the only alternative.

The Surveyorr Moon-Digger is a
panel-controlled special hurpose man-
ipulator. Each of its four motions are
individually controlled by step com-
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mands of 0.1 and 2,0 seconds

which result in motion increments
of about three inches. The only
feedback to the operator are still
pictures, These have good resolu-
tion, but require nearly one min.te
to process, Step control is unique
to the Moon-Digger which is the
first, and thus far only, space man-
ipulator. The typical panel-control-
led manipulator has individual rheo-
stats to contrel the rate of each arm
motion., Because their first cost is
lower than an equivalent master/
slave, they are the most commonly
used electric manipulator in "hot’
laboratory work. Another example
of on-off control is the General
Electric manipulators used on the
Aluminauat submarine. These heavy
duty, hydraulic powered manipulators
are controlled by joy-stick actuated
switches on the operator's console.
The joy-sticks provide directional
correspondence and are so arranged
that the operator does not have to
take his eyes off the slaves to see

w hat he is doing at the console,

T he bilateral electric master/
slave manipulator clearly has the
most significant role in future space
manipulator applications. Be-
cause of its cost, it is not used ex-
tensively in nuclear laboratory work.
However, its design technology is
highly advanced and those units that
have been put in service have dem-
onstrated good reliability and life,
All existing electric master/slave
maniptlators are based on designs
developed by the Argonne National
Laboratories. A version of the ANL
Model E-2 shown in Figure 3 is now
being used by General Electric for
space task simulation, transmission
time delay experiments, and data
link development,
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The E-2 manipulators have a2 7.5
pound capacity and kinematics which
appear to be nearly optimum for both
manned and unr.anned missions.

MANTTULATOR CAPABILITIES

The task performance of remote
manipulators in space has to be extra-
polated from groun- experience. Ex-
tensive experience in nuclear "hot"
laboratories during the past 20 years
has ranged from very simple to very
complex tasks. Task time with bilat-
eral master/slave manipulators has
been found to range from 3 to 10 times
the direct-hand time. The time factor
ranges from 30 to 100 with unilateral
panel - controlled manipulators. These
hindrance factors are for assembly
and repair tasks. When used for
transport tasks, such as cargo trans-
fer, manipulators can actually reduce
by-hand time if they have reach or
force capability exceeding man's.

Rules-of-thumb, though conven-
ient, must be used with caution. The
wide range given for hindrance factors
indicate the importance of the task it-
self. In this context, simple tasks do
not necessarily yield a low hindrance
factor (HF) and complex tasks do not
necessarily yield a high HF. Much
better correlation is chtained by
classifying tasks as positioning (wrist
and terminal motions) or transport
(shoulder and elbow motions). Posi-
tioning tasks will tend to have a high
HF'; transport tasks low. The highest
HF will be encountered in tasks re-
quiring dexterity and tactile sensiti-
vity.

Task board work by ANL (Ref-
erence 1) has been repeated and con-
firmed by General Electric as shown

in Figure 5. The ANL results were:

Time Hindrance
Task Procedwe {(Minutes) Factor
Directly in Shirt Sleeves 7 1.0
Directly 1n a Pressur zed 20 2.9
Apollo Soft Suit
With Model-8 Manipulators 24 3.4
While 1n Shirt Sleeves

The same tools were used in all
three tests.

FIG. 5 - TASK BOARD TIME AND
MOTION STUDIES WITH
M-8 MANUAL MANIPU-
LATORS

Most existing terminal devices
have only one degree of freedom and
therefore cannot change the position
of an object in their grasp without
assistance from another arm, bench,
fixed object, gravity, or inertia.
Another degree of freedom in the
tongs or a third finger would be re-
quired to increase the negligible
dexterity in existing terminal devices.
Also, tactile information is useful
to detect slippage of objects in the
manipulator's grasp. Howevcr,
better dexterity and tactile feed-
back does not appear to be necessary,

1v.2.7



or even desirable, if the tools andthe
worx are designed for manipulator
operation.

CUMPARISON OF POTENTIAL
SPAC. WANIPULATOR CONCEPTS

It was concluded from an analysis
of space task work elements (Reference
2) that the maxim=m force capacity
required for space manipulators wiil
be abcut 15 pouar.as. This is about the
normal maximum force utilized by
machinists and aircraft ascemoly work-
ers. When higher forces are required,
a lever or powered tool is normally
employed. Astronau.s and androids
will follow .ine same practice.

The ideal work volume* of a stand-
ing operator is about 20 cubic feet.
With body motions and awkward over-
head positions, the working volume of
a one to one master/ slave manipulator
is extended to over 60 cubic feet. This
will be permissible for space manipu-
lators where the mastier station is on
the ground. But if the master station
is in a space vehicle, volume will be
too precious and it will be necessary
to u. .lize index motions to extend the
reach of the slave. Argonne National
Laboratories suggest that the minimum
effective working volume of the master
is about four cubic feet. If this is in-
compatible wi™ the space vehicle, then
a unilareral, panel controlled manipu-
lator must be used. These require
about one cubic foot for the controls
and the operator's hands. They are
also much lighter than bilateral mas-
ters but, as discussed later, they re-
quire as much as ten times the time
and energy to perform a task and can-
not perform many tracking and "blind"
tasks.

%¥A1l work volumes refer to two arm
volumes.

Iv.2,8

The optimum terminal velocity
of master/slave manipulators, at
no load, has been determined by
ANL to be about 30 inches per sec-
ond. The panel controlled manipula-
tors have an optimum velocity of
only four inches per second accord-
ing to Seidenstein (Reference 6).

Using the above force, reach and
response data, design estimates
were made to compare the five
classes of manual and electric space
manipulators in Table 1. The light-
est weight system is the manual
through-wall manipulator which
utilizes a ball-joint for a bulkhead
pivot. This system is probably not
acceptable for most manned missions
because it is questionable that in-
dexing can be used to reduce master
working volume. The lightest weight
electric manipulator is panel-con-
trolled, but as already pointed out,
it is task limited and very slow.

Elimination of force feedback
motors in the master arms reduces
the master weight of the unilate. al
M/ S system by almost 100 pounds
as compared to the bilateral M/S
system. However, the weight ad-
vantage of the unilateral M/ S system
is countered by the lack of visual as
well as force feedback when the slave
is attached to a fixed object. In this
situation, the force level and power
consumption can range from zero to
full stall without indication.

The heaviecst, but most versatile,
manipulator is the electric bilateral
master/slave,
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SPACE SYSTEMS

Based on the excellent perfor-
mance record of manipulator systems
for earth application, such as handling
radioactive elements in hot labs, in-
dustrial mass transfer, and prosthe-
tics, the possibility of extending their
application to space missions looks
quite promising.

Several concepts for space manip-
ulator systems have been investigated.
These include:

# Space Vehicle with Through-
wall Manipulators

e Space Station with Boom Posi-
tioned Manipulator

e Remote Maneuvering Unit with
Manipulator

Space Vehicle
with Through-wall Manipulators

Through-wall manipulators have
b2en proposed for extravehicular tasks
from manned vehicles since the late
1950's. A survey of these concepts
was published in 1962 by the Air Force
Aeromedical Research Laboratories
(Reference 8). The first comprehen-
sive vehicle and mission study invol-
ving through-wall manipulators was
made by iLockheed-California for thz
Air Force Aero Propulsion Laboratory
in 1964 (Reference 9). The terms
"Astrotug' and'Shuttle' were used in
this study. In an independent study,
Lockheed Missiles and Space Company
coined the acronym SCHMOQO for Space
Cargo Handler and Manipulator for
Orbital Operations (Reference 10),

The term ''Space Taxi' was used for
a one-man vehicle concept studied by
Ling-Tempco Vought (LTV) for NASA's
Advanced Systems Office at the George

Iv.2.10

C. Marshall Space Flight Center
(Reference 7). Manipulator design
studies for the '"Space Taxi' were
conducted for LTV by the Argonne
National Laboratories (ANL), who
in 1967 published a consultant sup-
port study '"Manipulator Systems for
Space Applications' for NASA (Ref-
erence 1).

The mechanically connected or
manual manipulator offers the light-
est weight and highest reliability for
througi:-wall applications. However,
it requires large working volume at
the master,and the slave must be
located in close proximity just out-
side the operator's compartment.
Electrically connected and powered
manipulators overcome these geo -
metri: restrictions and offer extended
reach and force capability at the slave,
Extended slave reach is obtained in
electric master/slave manipulators
by biasing (i.e., indexing) selected
M/ S maotions or by adding index motions
By this approach, sla-> workiag
volumes of over 200 cnbic feet can be
covered with only four cubic feet of
working volume at the master. The
weight and power consumption of
electric M/S manipulators are con-
siderably greater than for an equi-
valent manual system. Therefore,
each mission must be analyzed to
determine which system is optimum.
Argonne National Laboratories esti-
mated the weight for 25 pound force
capacity manipulators with 96 inch
reach for LTV's "Space Taxi.'" They
concluded that two manual arms would
weigh about 150 pounds whereas the
equivalent electrical system wculd
weight 535 pounds exclusive of power
supply, cabling and heat rejection
subsystems.
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An equivalent switch controlled
(unilateral) electric manipulator sys-
tem would weigh only half as much as
the bilateral master/slave. As al -
ready discussed, however, the task
performance is so poor that it is not
recommended for the Space Taxi-type
of application.

Space Station
with Boom Positioned Manipulators

In this concept, an articulated
boom serves as a lecator for the ter-
minal device. The terminal device
contains the two working manipulators,
video, docking arms, decoder, pro-
cessor, harnessing, and structure.
Control for the boom and terminal
device is from within the space sta-
tion. Power and control would be via
cables through the boom. Several
boom concepts appear feasiblz for this
application. One is the ""Serpentuator"
concept being developed by H. Wuen-
scher of the NASA Marshall Space
Flight Center. Another is a three
inch deployable boom being developed

by the Space Systems Organization
of the General Electric Company.

A summary of the system weight
and power requirements are tabulated
in Table 2.

Remote Maneuvering Urits
with Manipulators

This concept is also illustrated
in Figure 2. It could be used to aug-
ment an astronaut's capabilities
through control from within the space
station, It could also be used in un-
manned operations through ground
control via a communications link.

The mission capability of the
RMU-with-manipulator concept in-
cludes all those of the boom version
plus operations on nearby satellites
either already orbited or launched
from the space station. These op-
erations would include rendezvous,
docking and stabilization of the re-
fueling and component replacement,

Table ~

BOOM POSITIONED MANIPULATOR
SYSTEM WEIGHT ANI POWER SUMMARY

Subsystem
Video

Manipulators (two)

Manipulator Amplifiers (switching type)

Docking Tethers (three)
Communications
Harnessing

Structure
TOTAL

Power Weight
Watts —Lbs
17,0 26.5
40.0 46.0
.- 35.0
nil 50.0
12,0 14,0
--- 16,0
kbl 32.0
78.5 210.0

Iv.2.11




The advantages of this concept are
that its sphere of operations and mis-
sion capabilities are much greater
than the Foom version. The system
contains the following subsystems:
two bilateral eiectric manipulators
with passive docking tethers; head
directed TV; propulsion to perform
rendezvous and docking; attitude sta-
bilization powerful enough to stabilize
the RMU plus the satellite being work-
ed on; communications relay; power;
and thermal control.

Typical weights and power re-
quirements for an RMU-with-manipu-
lator system are shown in Table 3.

SPACE MANIPULATOR DESIGN

The five types of manipulators
that are likely candidates for earth
orbit space missions are:

e Manual Master/ Slave
e Manual Ball-joint

o Electric Panel-controlled

Table 3

e Electric Unilateral Master/
Slave

e Electric Bilateral Master/
Slave

None of these have been developed for
earth orbit missions, although the
panel-controlled Surveyor Moon-Dig -
ger has demonstrated the space wor-
thiness of articulated mechanisms.
All of these are presently used in nuc-
lear and underwater applications and
must meet stringent reliability and
maintainability requirements.

The kinematic and human factor
design requirements for all five types
are well known and are directly ap-
plicable to space designs. In existing
manual and electric master/slave sys-
tems, an overhead or inverted elbow
configuration is used to minimize phy-
sical interference with the operator.
This configuration also gives good ac-
cess to restricted work sites (e.g.,
through hatches and in recesses) be-
cause the manipulator is in the cone
of vision. The kinematic relationship

RMU WITH MANIPULATOR SYSTEM
WEIGHT AND POWER SUMMARY

Subszstem

Video
Propulsion
Guidance and Control
Communications
Power
Thermal Control
Manipulators (two)
Docking Tethers (three)
Structure
Harnessing

TOTAL

IvV.2.12

Power Weight
Watts Lbs
33.0 52.0
25.0 22.0
83.9 56.8
21,8 28.9
-~ -~ 165.0
-~ - - 5.0
40.0 81.9
nil 50.0
~-- 95.0
el 45.0
203.7 600, 7
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of links and pivots has evolved with
experience to minimize parallel joint

lock-up (gimbal lock) within the normal

working positions. Force and torque

capacity of existing master/slave units

are usually man-equivalent, although
some manual units are designed for
heavy duty work where the operator
uses two hands on one manipulator
(usually because he has torgotten to
bring in the proper tools),

Most manual and electric master/
slave manipulators are of the 'tendon"

design wherein cables or tapes are
used to transmit most of the motions.
A variety of tape and cable anchor
and pulley guide designs have been
developed over the years. Cammed
pivots have also been developed to
maintain corstant cable length and
tension over wide ranges of pivot
actions.

Because inertia ana friction re-
duce manipulator effectiveness and
cause operator fatigue, existing de-
signs utilize aerospace design tech-
niques to reduce weight and increase
efficiency., As a result, much of the
design practice for ground systems

will be applicable to space. The most

significant weight saving seen for
space systems is the elimination of
counter weight for weightless earth-
orbit missions.

Preliminary Design Study
Specifications

The USAF/GE study (Reference
2) concluded that a single general
purpose electric manipulator can be
developed to meet the requirements
for most anticipated manned and un-
manned niissions. Tentative func-
tional and environmental specifica-

tions for missions up to the station-
ary synchronous orbit have been es-
tablished. These specifications are
based on the following rationale:

For Manned Missions:

The reach (without indexing)
should be no greater than the
reach of an EV astronaut,
This is to insure that tasks
are designed so that they can
be accomplished by the EV as-
tronaut in the event of manipu-
lator failure.

The force capability should be
adequate to operate astronaut
""hand" tools but should not ex-
ceed that of an EV astronaut.
This force capability is esti-
mated to be 15 pounds.

Design should be for bilateral
control with provision for uni-
lateral position control and
unilateral rate control.

Response should be high enough
to make the operator the limit-
ing factor in delermining task
speed. This means no load
velocities of 30 inches per se-
cond for bilaterzl control. Op-
timum unilateral (on-off) no
load velocity is about four in-
ches per second.

Anthropometric relationship
between "'hands’ and TV 'eye"
should be provided to utilize
operator's natural and learned
responses -- particularly his
proprioception.

Tools and procedures wiil be
provided whenever above capa-
bilities must be augmented.

Control should be possible from
both spacecraft and ground mas-
ter stations.

v, 2,13
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For Unmanned Missions:

e Reach, force and response
should be no greater than tle
operator's. Tcols and vroce-
dures will be provided when
these capabilities must be aug-
mented.

e Manipulator system should
be as small and light weight
as possible to be compatible
with low cost boosters and to
simplify integration with trans-
port vehicles.

e Generally, task speed can be
sacrificed in unmanned mis-
sions to reduce system weight
and complexity, particularly
where solar recharging is
practical.

e Interchangeability with man-
ned systems should reduce
development costs and im-
prove emergency or backup
position for user programs.

In summary, the universal gen-
eral purpose manipulator system is
essentially equivalent to an EV astro-
naut. It would utilize the same tools
used by an astronaut and would follow
the same work procedures with the
exception of those dictated by astro-
naut endurance or exposure limita-
tions,

A preliminary design study of
manipulators for an unmanned ground
controlled system was made as part
of the USAF/GE study. This appli-
cation was selected because it en-
compassed all conceivable hardware
and operational problems for either
manned or unmanned missions, The
mission selected was the refurbish-
ment of a’communication satellite in

IV. 2. 14

synchroncus orbit. The principle re-
quirements established for this mis-
sion are:

Base-line Mission:

1. Dock and tether slave vehi-
cle to cargo craft or refurbish-
ment kit

2. Transfer and restrain refur-
bishment cargo to slave vehicle

3. Dock and tether slave vehicle
to communication satellite

4, Open hatch and make visual
and electrical inspection (e’ec-
trical connector)

5. Replace electronic module:
a. Six captured screws
b. Two electrical connectors

(pigtail)

6. Check out and release commun-
ication satellite

Duty Cycle:

1. The system should be capable

of repeating this operation at
least ten times over a two year
period

2. In the M/ S mode, each actuator

must be capable of holding max-
imum forces for at least 30 se-
conds (after thermal equilib-
rium) without exceeding a
motor rotor temperature of
220°F

Data Link:

1.

Transmission time dzlay will
range from 0,24 to 1.0 seconds,
depending on location of syn-
chronous slave vehicle to
ground master station. When
not in line-of-sight, communi-
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cation will be via one or two
relay satellitec.

Results of
Preliminary Design Study

Fizure 2 shows the arm configur-
ation developed in the design study.
The slave kinematics are shown in
Figure 6. Master kinematics are
identical with the exception of the first
shoulder index joint which is used to
extend the reach of the slave or to
avoid obstacles. The second shoulder
joint has an index bias at the slave for
the same purposes. The shoulde-
joints are principally for transport
motions; wrist joint for positioning
motions, In Figure 2 an additional
torso index motion is provided to allow
the android to work on equipment in
the RMU.

The main departure from conven-
tion in this design is the use of servo-
actuators at the pivots rather than in
the torso with tendon connections to
the pivots. The pivot actuator ap-
proach provides significant weight and
reliability advantages because of its

simplicity. The approach is practical
only because it was determined that
the specified duty cycle could be met
with passive heat rejection from the
actuators without exceeding the tem-
perature limits of the motors. If a
circulatory coolant was required, the
"tendon'' design would simplify actu-
ator cooling since the actuators could
be grouped together on a common

heat sink in the torso. The temper-
ature distribution in a stalled shoul-
der joint actuator is shown in Figure
7. These temperatures were reached
after more than one minute of stall,
starting from a 32°F equilibrium
condition. The calculations used

the emissivity and absorptivity values
(after over two years in orbit) of the
silicone acrylic paint used on the Geos
satellite. No-load equilibrium tem-
peratures are 32°F in the sun, 172°F
bziween sun and large reflecting sur-
face, and -400°F in earth shadow.
This latter temperature is, of course,
intolerable. However, it can be kept
to a reasonable -65°F by an isometric
exercise producing 18 watts in the
joint. Fo. long periods in shadow,

Actuator Function Principal

No. M/S Index M/S motion
1 - Shoulder -
2 - Shoulder X yA
3 - Shoulder X X
4 - Elbow X Y
5 - Wrist x e,
6 - Wrist X e,
7 - Wrist X Oy

8 - Terminal x Terminal

M/S = Master/Slave Servoactuator

FIG. 6 - KINEMATICS FOR SPACE MANIPULATOR

Iv.2.15
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it will probably be necessary to en-
close the android.
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FIG. 7 - HARMONIC DRIVE ACTUA-
TOR TEMPERATURE DIS-
TRIBUTION

Another departure from existing
M/ S manipulator design practice is
the use of DC servomotors. AC
motors are used in the master and
slaves of present M/ S manipulators
and they are driven by a common am-
plifier, Radio controlled manipulators
will, of course, require separate mas-
ter and slave power supplies and ser-
voamplifiers. Position error is com-
monly used to provide the force feed-
back. However, the higher friction of
harmonic drives (than spur gear drives)
may dictate that slave motor current
or actual output force be sensed and
fed back for replication at the master.
The actual selection and implemen-
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tation of the specific bilateral con-
trol system is not critical and will
have little effect on the total weight
and power requirements of the slave
manipulator {abulated in Table 4

below:

Table 4

WEIGHT, VOLUME, AND POWER
OF ONE MANIPULATOR ARM
FOR BASE-LINE MISSION

Weight

Arm
Ainplifier

Total

Volume

Arm (stowed)

23.0 lbs

17.5 lbs

40.5 1bs

1680 in. 2

Amplifier 460 in, 3
Total 2140 in.?®
Power

All Joints Stalled

(unlikely) 1330 watts
Expected Peak

(<0. 1% of *ime) 400 watts
Average 20 watts

CONCLUSIONS

Existing manipulator concepts can
meet most foreseeable space mission
requirements. The major technology
problems in the space application of
manipulators are in the control link.
On-off controlled manipulators have
been radio controlled, but thus far,
this has not been tried with master/

slave manipulators,

Existing teleme-

try equipment is more than adequate
on a bandwidth basis for both command
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and feedback signals for two or more
arms. However, line-of-sight limita -
tions and muliipath interference prob-
lems have not yet been defined.

Transmission time delay will not
effect the data link, but will have an
effect on stability and performance of
bilateral manipulator systems. For
distances from 1000 to 20, 000 miles,
transmission time delay is primarily
a servo stability pirotlem. However,
for greater distances, it becomes a
human factor problemn as well. Addi-
tional research and development is re-
quired to learn how to stabilize ground
coritrolled bilateral manipulators in
orbit without degrading their perfor-
mance.

DC servos offer lighter weight
and better efficiency than the AC ser-
vos used in most master/slave mani-
pulators to date. The DC servo also
avoids synchronization and phasing
problems that are inherent with trans-
mission time delay. There appears to
be an adequate technology base to de-
velop space worthy DC servo actuators
and ser .oamplitiers. However, a
development program is indicaied from
both a systems and environmentai
standpoint to fully assess the problems.

Mr.re ground and space task time
and motion and energy deta are re-
cuired for mission and system plan-
ning purposes. Useful base-line data
can be obtained with manual through-
wall manipulators; however, energy
and time delay effects data can be ob-
tained most readily with electric mas-
ter/slave manipulators. These data
are particularly important for cost-
effectiveness trade-off studies of
missions where there are alterna-
tives to the manipulator app:roach,
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QUICK-RELEASE FASTENERS FCR SPACE APPLICATICONS

Wayne L. Martin
Billy M. Crawford
William N. Kama

Aerospace Medical Research Laboratories
and
John Herman
Aero Propulsion lLaboratory
¥Wright-Patterson Air Force Base, Chic

SUMMARY: Human performance requirements for eleven hand-
cperated fasteners were determined experimentallwy, Tuc
situations wera investigated: (1) simulated zero-gravity and
(2) normal gravity conditions. A six degree-of-freedom air-
bearing device was used for zero-gravity simulation. Data
analyses showed effects of fastener design and gravity
condition to be significant in terms of five dependent
measures. Tnere was also a significant interaction between

the fastener design and gravity condition effects.

INTRODUCTION

Accessibility is essential to
maintainability. If you can't get
to it, you can't fix it. It's
almost as simple as that. The
matter is complicated somewhat by
the fact that certain individuals
are less apt to acquiesce to
“environmental barriers® than
oithers. Among the more extreme
examples is that of the ancr:ymous
technician who removed and replaced
B-52 gunsight components without
"noting" the damage to metal web-
bing which he deliberately smashed
to gain the required access.
1ess det-~rmined individuals, on the
other hand, tend to ignore or avoid
maintenance tasks which present
formidable access problems. Be-
lieving that the more effective
solution to such problems is
usually found in improved design
rather than medified personnel
selection, incentive, or training
programs, we have given our atten—
tion, in this instance, to

alternative design configurations
for quick-release, hand-operated
access panel fasteners for space
system applications.

Hand-operated, quick-release
fasteners for access panels are
preferred to other types under
normal maintenance conditions.
The advantages they afford should
be even more important in the
extra-terrestrial environment.
For example, hand-operated fas-
teners require no tools, so the
astronaut's tool kit may be re-
duced in size and weight. Quick-
release fasteners also simplify
the task—even simple tools are
difficult to grasp and manipulate
under pressurized suit conditions.
Reduced fastener operation times
also would help minimize exposure
of the astronaut to extra-
vehicular risks.

Because the advantages are
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appa.ent, this investigation was
not designed to prove the desir-
ability of quick~opening, hand-
operated fasteners for use in
space. Instead, the primary
objective was to develop and apply
engineering and human perfor-
mance criteria for selecting from
a variety of designs for such fas-
teners. Independent variables of
primary interest were: (1) fas-
tener design and (2) gravity con-
dition (simulated zero-gravity vs.
one gravity). The principal
dependent variables were: (1) time
required to perform tasks involving
different fastener designs, (2)
forces and torques exerted during
these tasks, and (3) user opinions
with respect to ease of fastener
operation.

APPARATUS

The apparatus shown in Figure
1 was used to simlate maintenance
requirements under zero-gravity
conditions. The support cradle
into which the subject is secured
can be adjusted to accommodate
a relatively wide range of
anthropometric dimensions. It
also affords six degrees of freedom
in motion under near-frictionless
conditions. Gimbals rotating on
ball bearings provide rotational
movement in the roll and pitch
axes. Translation in the yaw axis
is facilitated by air bearings.
The static balance required for the
vertical axis is maintained by
means of a piston and cylinder
mechanism supplied with appropri-
ately regulated air pressure. Free
movement in the horizontal plane is
provided for by the air bearing
pads at the base of the tripod
supporting the simmlator. When
supplied with air pressure, these
pads ride approximately 0.002
inches abtove the epoxy floor. The
floor is level to within 0.0005

IvV.3.2

inches. Floor dimensions are 26 x

30 feet.

The work panel, in front of
the subject in Figure 1, is sus-
pended from a 20-foct span of
bridge crane. The work panel
assembly is instrumer‘ed to permit
simulation of the reacticns of a
free-floating mass to forces
applied to it; however, the
assembly was maintained in a
stable position throughout this
investigation. Stabilization of
the work panel was based on the
assumption that the mass of the
space vehicle involved would be
large relative to that of manj;
hence, reactions of the vehicle
itself to forces applied by the
worker during the task would not
be great enocugh to significantly
affect his performance. (More
detailed descriptions of the sim-
ulation facility are included in
references 1 and 2.)

The work panel structure was
equipped with 6 strain gages which
sensed forces and torques exerted
against it in the 3 principal axes
(x, ¥, and z). Strain gage dis-
placements were transformed into
electrical signals by means cf
bridge circuits. Outputs of the
bridge circuits were transmitted
to an 8-channel Beckman strip
chart recorder so that the forces
and torques in the 3 principal
axes were recorded independently
and simultaneously.

The bridge balancing network
was mounted at the rear of the
work panel structure. The force
and torque measurement circuitry
was calibrated periodically by
imposing known forces and torques
to the work panel. During the
initial phases of the experiment
these forces and torques were
mea- ~24 by means of a linear coil
spring mechanism. Lzter, the

e
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calibration technique was improved
upon by substituting dead weights
and pulleys for the spring
mechanism.

Although the subject's body
and legs were secured to the simu-
lator support cradle, he was free
to move his head and work with his
hands and arms with relatively un~-
restricted freedom. However, two
28-inch tethers kept the subject
from drifting beyond reach of the
work panel while performing his
task. The tethers were attached
to a safety belt at the subject's
waist and snap-hooked to eyelets
on the work panel superstructure.
Anchor points were separated by
approximately 12 inches at the
subject's waist and 24 inches at
the work panel. The tethering
provisions were similar to those
used by Secman et al in studying
space maintenance problems.

Eleven different fasteners
were selected for study in the
following manner. Approximately
1CO manmufacturers of hand-operated
fastening mechanisms were surveyed
to obtain samples of applicable,
off-the-shelf test items. Subse-
quertly, 13 manufacturers submitted
a total of 21 items for evaluation.
Ten of the 21 fasteners were
eliminated prior to the collection
of experimental data. Some were
eliminated because they were
essentially duplicates of others.
Others were rejected because of
repeated mechanical failures during
preliminary tests, Still others
were not subjected to experimental
evaluation because they could not
be mounted in a manner that would
permit a valid comparison of per-
formance data.

Figure 2 shows the disassembled

components of each of the 11 fas-
teners for which experimental
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data were obtained. Operational
requirements associated with each
fastener are summarized briefly

in Table 1. Although complete
detailed specifications were avail-
able in most cases, they will not
be ciied here. In general, the
speciiications complied with
standard military requirements.

The work panel includes a 10~
inch x 10-inch access opening
equipped with a 12-inch x 12-inch
cover panel. The cover panel was
secured in place by two identical
hand-operated fasteners. The two
fasteners were separated by 11
inches in all but two cases.
Fasteners 2E and 2A were 12-3/8
inches and 13 inches apart,
respectively. Separate cover
panels were provided for each of
the 11 different fastener types
investigated.

SUBJECTS AND PROCEDURE

Ten paid volunteers from a
local university served as sub-
Jjects for the investigation.
They were all males and averaged
21 years of age.

Each subject was required to
operate all 11 fasteners in per-
forming a representative access
task under two conditions:

(1) "simulated zero gravity" and
(2) "one gravity". The one-
gravity situation, alternatively
referred to as the "static
condition,” served as an experi-
mental control with thich perfor-
mance in the "simulated zero
gravity" condition could be
compared.

One half (5) of the subjects
began testing with the zero-
gravity condition and the other
half began with the static

-



TABLE 1

SUMMARY OF CPERATIONAL REQUIREMENTS OF HAND-OPERATED FASTENERS

FASTENER

1B

1F

2A

20

2D

2H

5B
6A

7A

OPERATIONAL REQUIREMENTS

Push in wing head to overcome spring tension and
turn cw £ to lock. Turn £ ccw to unlock.

Turn wing head 4 cw to lock. No detent. Turn
% cv to unlock.

Adjustable pawl positioned by lever. Tever
is cammed so that depression brings pawl in
contact with back edge of ac-ess opening.

Cam lock. Turn wing head % cw to lock. Turn

£ ccw to unlock.

Captive screw with pointed tip inserted into
tapped hole. 4% turns required to fasten as
well as unfasten.

Adjustable pawl, positioned by pawl positioning
key. Knob adjusts pawl for various panel
thicknesses and compresses pawl to back edge
of access opening.

Push button releases friction lock.
Operationally the same as 2C.

Operationally the same as 2C.

Captive screw with blunt end inserted into
tapped hole. 3 turns required to fasten as
well as unfasten.

Snap-slide type. Slide thrown outboard and
snaps under stud.

IV.3.5
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condition. These two sequences of
environmental conditions will be
referred to hereafter as the
"simulator-static! ana "static-
simulator" sequences, respectively.

Tests conducted uncer the first
condition of each sequence were
separated from those of tne second
condition by an interval of
approximately 3 days. The 3-day
interval was necessary because
subjects were available only for
a limited period of *ime each
day, e.g., one or two hours,
which was not sufficient for
completion of the entire experi-
ment. The delay also assured each
subject adequate rest time between
test conditions.

The task used in this study
involved installation and removal
of the access cover panel. Under
test conditions, each subject
performed the complete task three
consecutive times with each fasten-
er type. The order in which the
fastener types were presented was
randomized for each subject.

Prior to testing und:r the
initial condition, each subject
was instructed as to the purpose of
the experiment and provided the
opportunity to become thoroughly
familiar with the design and
operation of each fastener. All
the cover panels were laid out
before the subject so that he could
operate each fastener as many times
as he desired. This was done to
minimize the progressive effects of
learning during the test phase of
Llhe experiment. Testing did not
begin until the subject indicated
that he understood the operational
characteristics of each fastener.

Prior to testing under simulated
zero-gravity, the subject was fitted
into the support cradle and

familiarized with the functional
characteristics and purpose of the
simulator. This required about

15 minutes. During this familiar-
ization period, the subject gained
experience with respect to the
instability of the simulator
primarily through two types of
activity: (1) pushing and pulling
with his hands against the work
panel and (2) shifting his center-
of-gravity through arm and hand
movements.

For the initial condition
only (whether static or simulator),
there was additional practice in
fastener operation just prior to
the first recorded trial for each
fastener. At this time, the sub-
ject was asked to practice
removing and installing the panel
until he was sure that he could
operate the fastener properly.

On the average, this practice
constituted 2 to 3 complete remove-
install operations per fastener.

Times were recorded separately
f>r the "install" and "remove"
phases of each trial and later
combined for purposes of analysis.

In the standard starting
position before each trial, the
subject held the panel cover, by
means of the attached fasteners,
just in front of the access
opening. VWhen the subject
signaled that he was ready to
begin, the experimenter s.arted
a stop watch. The watch was
stopped by the experimenter when
the panel was in place with both
fasteners secured. Before re-~
moving the panel, the subject held
his hands just in front. of the
fasteners, indicated that he was
ready, and began the removal
operation. The experimenter
started the watch again at the
subject's ready signal and stopped

Iv.3.7
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it when the cover had been removed.

After each subject had com-
pleted all the trials under both
experimental conditions, he was
asked to rank the fasteners from 1
to 11 with respect ' to ease of
operation.

RESULTS

Analyses of variance were
applied to the human performance
data to identify significant
effects. For analysis purposes,
the fastener design and gravity
conditions were treated as fixed
factors since there was no intent
in either case to generalize
beyond those levels for which
data were obtained. Subjects,
on the other hand, were treated as
a random variable to permit gener-
alization on the basis of the data
sample. Preliminary tests showed
no systematic trials effect or
gravity condition sequence (i.e.,
"similator-static" vs. static-
simulator") effect; hence,
procedural measures taken to
minimize practice effects were
regarded as effective.

Task Times

The analysis of variance
summary for task times is shown in
Table 2. Note that all effects
except the fastener X gravity
condition interaction were
statistically significant, Figure
3 depicts graphically the effects
o: fastener design and gravity
condition in terms of operation
time,

Force and Torque Measures

Because the effort required
for a more rigorous treatment of

lv. 3.8

the force and torque data seemed
unwarranted, these measures were
combined to derive estimates of
related physical quantities in tne
following manner. First, the peak
(maximum) force (F) and torque (T)
exerted during each trial were
determined for each axis. Estimates
of "resultant force" (F,) and
"resultant torque" (T,) were then
computed as follows:

Fpo= Ve + F° +F,5 (1)

| )
Tr= L2 +T2+1,°  (2)

In turn, the resultant force
and torque estimates for each trial
were multiplied by the asscciated
trial time (t), in seconds. These
two products were termed, respec-
tively, "resultant momentum" (M)
and "resultant angular momentum"
(Mpa). Thus:

My = (Fp) (t) (3)
(Tr) (t) (4)

Despite physical "impurities"
the two momentum values seemed to
be reasonable indexes of the
amount of effort associated with
fastener operation in this
investigation.

]

Mra

The summary analysis of variance
for the resultant momentum
data is shown in Table 3.
Results of the other three
analyses involving force or
torque measures were almost
identical in terms of significant
effects.

Figures 4 through 7 show
the effects of gravity condition
and fastener design for de-
pendent measures involving force
or torque, i.e., Fr, Tpy My, and Mpg,.
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TABLE 2

SUMMARY ANALYSIS OF VARIANCE FOR FASTENER
OPERATION (INSTALL-XIMOVE) TIME DATA

Degrees

Sour.e of of Sums of Mean Significance
Variation Freedom Squares Squares F(df; D =
Subjects (Ss) S 4298.14 L77.57 10.85(9,440) 0.01
Gravity

Condition (A) 1 1262.43 1262.43 13.66(1,9) 0.01
Fasteners (B) 10 21630.57 2163.06 21.03(10,90) 0.01
Ss x A 9 831.94 G2.44 2.10(9,440) 0.05
Ss x B 90 9256.01 102.84 2 33(90,440) 0.01
AxB 1C 886.50 88.65 1.10(10,90) N.S.#
Ss x A x B 90 7195.67 79.95 1.82(9C,440) 0.01
Within Replicates

(Trials) LL0 193..7.98 43.98
TOTAL: 659 64,711. 21,
#Not Siinificant
TABLE 3

SUMMARY ANALYSIS OF VARIANCE FOR RESULTANT

MOMENTUM DATA (DIVIDED BY 1000)

Degrees

Source of of Sums of Mean Significance
Variation Freedom Squares Squares F(df§ p <
Subjects (Ss) 9 k.66 0.52 4.63(9,440) 0.01
Gravity

Condition (A) 1 3.59 3.59 13.82(1,9) 0.01
Fasteners (B) 10 10.14 1.01 5.86(10,90) 0.01
Ss x A 9 2.34 0.26 2.33(9,440) 0.05
Ss x B 90 15.57 0.17 1.55(90,440) 0.01
AxB 10 3.23 0.32 2.28(10,90) 0.05
Ss x AxB 90 12.71 0.14 1.26(90,440) N.S.#
Within Replicates

(Trials) LLO 49.71 0.11

TOTAL: 659 101,41

#Not Significant
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Figure 2. Effects of Fastener
Type and Gravity Condition on
Operation Time.

Subjective Estimates
Mean ranks, based on subjects!
Judgments of ease of fastener

operation, are shown in Table 4.

Mean

:

Fastener

2H (Push button with handle)
7A (Snap slide)

2A (Pawi with lever handle)
5B (Winghead cam lock)

2E (Pawl with knob)

4B (Winghead cam lock)

1B (Winghead cam lock)

2C (Winghead cam lock)

6A (Captive screw)

2D (Captive screw)

1F (Winghead cam lock)

WO B ®HTW

ORIVt

Table 4. Mean Ranks Assigned by
Subjects to Indicate Relative Ease
of Use for Fach Fastener.

IV.3.10

Lower ranks indicate greater ease
of operaticn. A Spearman rank-
difference correlation coefficient
of 0.75 (p<.0l1) was obtained
between the subjects! Jjudgments
and operation time averaged across
both gravity conditions. Spear-
man rank-difference correlatiom
coefficients were clso computed
between the subjects' rankings of
the fasteners and each of the four
indexes involving force and torque
measures. Coefficients obtained
for resultant force and torque
were not statistically significant.
They were -0.38 and -0.18 for
force and torque, respectively.
For resultant momentum and
resultant angular momentum, the
coefficients were 0.63 (p<.05)
and 0.(9 (p<.05), respectively.

A complete set of intercorrelations
between the various dependent
measures is shown in Table 5.

Experimenter Observations

The experimenters also made
certain specific observaticns
during the experiment which are
not directly reflected in the
recorded data. A compilaticn of
these observations, by category,
is shown in Tablie 6. The fact
that fastener 2H failed twice may
be of particular interest since
it tends to be one of the bLeuter
fasteners in terms of other
criteria. Both failures were
due to shearing of the stud.
Fastener 2H was also subject to
mechanical bind problems.

Note that operation of the
pawl-type (24 and 2E) fasteners
frequently involved alignment
and positioning problems.

Fastener 2E also prnduced more
"false positive reports" than any
other fastener. The term "false
positive reports" refers to
instances when the subject indicated
that installation had been effected

[TV R N
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although it had not.

DISCUSSION

Of primary concern for the
purposes of this study are the main
effects of gravity condition and
fastener type ana perhaps, the
fastener x gravity condition inter-
action. The two main effects wese
statistically significant for every
dependent measure. The fastener x
gravity condition interaction was
statistically significant in temrms
of the force, torque and momentum
measures but not in terms of
operation time.

Gravity Condition Main Effects

Mean operation time was
approximately 30% greater for the
similated zero-gravity condition,
i.e., 11.64 seconds for zero-gravity
vs. 8.88 seconds for normal gravity.
However, the momentum data, which
reflect force and torque as well as
time, suggest that amount of effort
required for fastener operation
may be almost twice as great for
zero—gravity as for normal gravity.
Mean resultant momentum measures
were 155.57 and 303.14 for the
normal gravity and zero-gravity
conditions respectively. Corre-
sponding values for resultant
angular momentum were 3888.40 and
7936.22.

Fastener Design Main Effects

Fastener 2H, the push-button
friction lock, and fastener 7A,
the snap slide device, proved
superior to all others in terms of
the time and momentum data. The
lowest mean operation time was
obtained for 2H; the second lowest,
for 7A. The lowest resultant
momentum scoie was for TA; the

Iv.3.14

second lowest, for 2H. For
resultant angular momentum, scores
for 2H and 7A ranked first and
second, respectively.

For the resultant force
measures, 7A retained its high
ranking, second, tut 2H dropped to
last; hence, 2H's good standing
on resultant mcmentum was due
solely to low operation time. The
lowest resultant force score was
obtained for fastener 2D, one of
the screw type fasteners.

In terms of resultant torque,
the two best scores were obtained
for fasteners 4B and 2D, in that
order, while fasteners 7A and 2H
dropped to third and sixth
respectively. It may be important
to note that although fastener 4B,
a cam lock mechanism requiring one-
quarter turn to operate, was not
especially favored by the subjects
(mean rank = 6.2), it ranked no
lower than fourth on any of the
other criterion data.

Fastener 2D, on the other
hand, did not show such consistency.
Fastener 2D, a screw type device,
ranked above average on force and
torque measures but fell to last
place on the basis of time scores
and subjects' rankirgs. This
pattern, which is also characteristic
of rankings obtained for fastener
6A, a second screw type fastener
included in the sample, is con-
sistent with the subjects' tendency
to place a premium on short
operation time rather than low
force requirements.

With the subjects! apparent
emphasis on time, the negative
correlation between force require-
ments and subjects! rankings may
be traced to the fact that some
fasteners (notably 2H, 7A and 2A)
were designed to be operated by
impulsive forces, while others

ot
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were designed for operation by
repetitive. low-level forces,
e.g., 6A, 2D and 2E. The Spear-
man rank-difference correlation
between time and resultant force
was, in fact, -0.34.

Fastener 7A is exceptional in
that its design allows a pair of
such fasteners to be mounted so
that simultaneous operation acts
to cancel transmitted forces.

The foregoing considerztions,
in combination, account for the
fact that time was found to be a
better predicte~ »f subject
preferences th.: he resultant
momentum index wunich reflects both
time and force.

Another generzal observation
of the experimenters was that several
fasteners fared poorly because their
design features uid not include
positive visual cues as to functional
status, i.e., locked or unlocked.

Fastener Design-Gravity Condition
Interaction

The significant interaction
between fastener design and gravity
condition supports a basic notion
with respect to the relationship
between task difficulty level and
zero-gravity effects, i.e., the more
difficult the task under normal
gravity conditions, the greater the
performance decrement under zero-
gravity. (See Figures 3, 6 and 7
especially.) It also should be noted
that weightlessness is only a small
portion of the stimulus complex
encountered by the astronaut in the
actual task of space maintenance.

The increased performance requirements
identified in this study may very well
interact with the remaining stimlus
environment. to increase demands

on the astronaut even further.

CONCLUSIONS

Results of this investigation
support the following conclusions.

1. Fastener operations in
removing and instaliing access
cover panels required, on the
average, 30% more time under
similated zero-gravity conditions
than under riormal. gravity.

2. Torque and force require-
ments, combined with operation
time as an index of level of
erfort, suggest that performance
requirements for a fastener
operation task are almost twice
as great under simulated zero-
gravity as under normal gravity.

3. Two fasteners, one equipped
with a push-button friction lock
and the other a snap-slide
mechanism, showed definite
advantages over the nine other
fasteners included in this
investigation in terms of operation
time and subject preferences. ’
Although operation time was
slightly lower for the push-button
device, resultant force and torque
measures cast the snap-slide
fastener in a more favorable light. 3

4. Operation time was more ‘
highly correlated with subjects!
fasterer preferences than were
indexes of the forces, torques
and momentum associated wit.. )
fastener oneration. .

RECOMMENDED RESEARCH

Additional research on hand-
oper:zted lastener design is needed
to evaluate the effects of
encumbrances imposed by pressure
suits such as are required for
extra-vehicular space operations,
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EXPERIMENTAL AND ENGINEERING RESEARCH STUDIES ON
TOOLS FOR EXTRAVEHICULAR MAINTENANCE IN SPACE

Lawrence B. Johnson, Ph.D.

Raff Analytic Study Associates
Silver Spring, Maryland

SUMMARY: The joint engineering/exrerimental
program objective is to evaluate space-tool
mitten concepts by the development of bread-
board models. These models wers used by main-
tenance operators in a series of small experi-
ments that were designed to offer inputs to the

evolving tool design.

INTRODUCTION

Raff Analytic Study
Associates has conducted a
research program on space
maintenance concepts and tools
for the National Aeronautics
and Space Agency 8inc
December of 1966.2’3’§ The
major purpose of this multi-
phased research program was tc
develop trol mitten concepts
for possible use in extra-
vehicular activities (EVA) and
10 review existing literature
on maintenance performance
decrements resulting from
weightlessness and pressure
suited conditions. I will
only discuss the tool mitten
development phase of our work
today.

PURPOSE
The purpose of the ini-
tial experimental and

engineering effort was to
develop two operating, bread

Cve N eI Avaemar 1 saT v e As

board models of space-tool
mitten concepts. The desig-
nation 'space-tool mitten"
has been selected to include
both developed tools, the
space mitten and the tool
mitten. Fach of these tools
is a multipurpose power tool
that was designed to function
as a wrencen or screwdriver.
The tozl mitten is an impact
tool (Figure 1) that was
designed as a cylindrical
metal structure having storage
sites for tool attachments
emplaced within annular wells
toward the face of the tool.
Tool attachments can be ex-
changed by merely pulling a
particular attachment out of
its well and then mating it
to the chuck of the tool
mitten. Each attachment is
restrained by a flexible
metal clockspring and slip
ring. The space mitten
(Figure 2) originally planned
for bare-handed operation,

has its motor near the main-
tenance worker's elbow and
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i 1uuL ATTACHMEN IO

2. TOOL WELL(STCRAGE SITES)
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FIGURE 1 -- TOOL MI1..': (Breadbcard Model)

. MOTOR
SWITCH
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. CHUCK

FIGURE 2 -- SPACE MITTEN
(Breadboard Model)
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1. SCREWDRIVER ATTACHMENT
2. HEX SOCKET ATTACHMENT

FIGURE 3 -- TOOL CUFF
(Breadboard Model)

was not developed as an impact
tool. It was designed for
manual and power applications.
A tool attachment storage site
called a tool cuff (Figure 3)
is used as an accessory to the
space mitten for the storage
of hex sockets and screwdriver
attachments.

The tool cuff operates on
the principle that the tool
attachments will be stored
separately from the lool. How-
ever, the storage and removal
of tool attachments will
require the use of the power
tool. The storage sites for
the impact wrench sockets are
tapered studs containing split
captured nuts. FEach tapered
stud retains a single tool
socket; as the socket is em-
placed and torqued, the split
nut is driven down over the

stud, expands and binds the
socket. To remove the socket,
the operator backs off on the
nut, thereby allowing the nut
to release the engaged socket.
Allen head, slotted, and
Phillips screwdrivers are held
in place by the sqgueeze action
of the inner walls of small
chambers that bind the screw-
driver attachments. The re-
moval of the screwdriver
merely allows the internal
walls of the cylinder to
relax, thereby releasing the
tool.

Two maintenance task
assemblies, a maintenance
panel and a maintenance task
cylinder, were developed for
use in five of the six expert
mental evaluations. Both the
maintenance panel and the
maintenance task cylinder were
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employed in the static (sta-
tionary) mode during testing.
However, the maintenance task
cylinder (Figure 4) was also
suspended from a spring
(dynamic mode) that permitted
restricted five degrees of
freedom. Further, the mainten-
ance task cylinder was modified
during Phase II to accomodate a
simulated spacecraft hatch that
had thirty-six 1/2-inch hex
bolts placed 2-1/2 inches apart,
around the periphery of the
hatch. The task cylinder was
also designed to be used to
evaluate the ease with which
operators could work within
confined spaces. Figure 5
shows one side of the task
cylinder and the egg crate
dividers that permitted depths
of 6, 9, and 12 inches and
overall square dimensions of

8 x 8, 12 x 12, and 16 x 16
inches.

STUDY GOALS
AND DESIGN OBJECTIVES

It is apparent that the
goal for developmental EVA
tools must be .o alleviate
performance decrements asso-

ciated with pressure suit
wear and weightlessness.
Since the space worker will
be somewhat restricted in
mobility and dexterity, one
solution to efficient tool
design is to combine several
operations into one, thereby
relieving the worker for
critical activities yet re-
taining the one-handed opera-
tion concept. An example of
this goal is the design of a
space-tool mitten that not
only provides the space
worker with suit-glove pro-
tection, but also allows for
rapid tool attachment
exchanges. Further, these
tools are designed to allow
the operator greater access
to work areas by the
relczation of the tool motor
away from the working end of
the tool, thereby achieving
less bulk in the forward end
of the tool.

The plan of the research
program, conducted by Raff
Associates under Contracts
NASW 1537 and NASW 1590, was
to evaluate the space-tool
mitten concept by performing

1. METAL BAR
2. SPRING
3.

SPACE MITTEN

FIGURe 4 -- MAINTENANCE TASK CYLINDER
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1. EGG CRATE DIVIDERS
2. SCREWDRIVING PLATE
3. HATCH COVER INTERFACE

FIGURE 5 -- “EGG CRATE” DIVIDERS ON
MAINTENANCE TASK CYLINDER

a variety of human factors
experiments. The experiments
were aimed at gaining an in-
sight into the design of tools
for a space maintenance worker
performing extravehicular main-
tenance and assembly tasks in

a zero g environment. The
design objectives for this pro-
gram were: (1) to develop a
space tool for bare-handed
operation; (2) to develop a
multipurpose power tool; (3)

to allow for rapid and effi-
cient tool exchange procedures;
(4) to offer suit-glove pro-
tection; and (5) to permit one-
handed tool operation. In the
course of our design and eval-
uation program, Raff Associates
personnel added a number of
other objectives or concepts as
follows: (1) locate the center
of mass at the operator's hand;
(2) utilize a self-contained
power source; (3) design for
less tool bulk in the front end
of th: tool; and (4) develop a

fiberglass shell to msde the
tool lighter in weight.

The basic philosophy of
the avaluation program was to
identify and correct design
deficiencies in the initial
breadboard models by using
human factors experiments and
engineering analyses. These
research studies were
rerformed in order to develop
firm requirements for an oper-
ational prototype space tool.

Even though engineering
developmental and experimental
efforts are generally per-
formed sequentially, experi-
ence has shown that the two
efforts complement each other.
However, it was not always
possible to separate the
rationale for re-tooling on
the basis of mechanical or
electrical deficiencies, or on
the requirements of the human
operator for comfort, safety,
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and visibility. Therefcre,
some compromises in rigorous
experimental control were made.
Sometimes compromises were madle
because of emergency tool and
maintenance task assembly re-
pair.

The experimental vrogram
consisted of five small experi-
ments identified by the follow-
ing designations: (1) Space
Mitten and Tonol Mitten Evalua-
tion; 2; Manual Tool Evalua-
tion; 23 Hatch Test; (4)
Screwdriving Test; (5) Access
Area Study. In addition, a
gualitative critical evaluation
was made of the performance of
maintenance workers using the
space mitten with the tool cuff
and using the tool attachments
of the tool mitten.

The most recent effort,
Phase III, of the research and
development program was a basic
engineering development of a
prototype, impactor type, multi-
purpose space tool. The device
features a fiberglass shell and
human engineered internal con-
trols. An artist's conception
of this device is shown in
Figure 6. Figure 7 depicts the
space-tool mitten about to re-
trieve a tool attachment from

I ) ‘\‘\\‘ \ﬁ > [y

(1 L

@ T S

. CHUCK

. FIBERGLASS SHELL

. MOTOR

. BATTERY (Not Shown)

IGURE 6 -- SPACE-TOOL MITTEN
(PROTOTYPE)
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the tool cuff.

EXPERIMENT 1

This experiment was con-
ducted to evaluate operator
performance when using either
the tool mitten or space mit-
ten to perform a number of
tornueine tasks. The mainten-
ance task was tu tighten five
hex bolts of the same size in-
to a metal bar containing im-
beddea welded nuts. There
were five hex bolt sizes
ranging from 3/4 to 7/16
inches. Further, the subject
either performed this task
while the maintenance task
cylinder was sta. ionary (static
mode) or when the cylinder was
susp” ~"~d from a triangular
suppo.  dynamic mode).

Performance was measured
in terms of the time taken to
complete the tightening task.
The results indicated that
there was 10 significant dif-
ference between the vperform-
ance of the two tools when the
meintenance cylinder was in
the static mode. 1In fact
there was only a slight three
percent superiority in the use
of the space-tool as comvared
with that of the tool mitten
in the static mode. On the
other hand, the performance
with the tool mitten took 37
percent longer than the task
performance with the space-
tool in the dynamic mode.

In reviewing the data for
a particular tool under static
and dynamic modes, it was
noted that operator's perform-
ance wlith the space mitten
increased from 13.9 seconds to
24,1 seconds (approximately a
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73 percent increase). On the
other hand, when one considers
the performance time under
static and dynamic modes for
‘operators using the tool mitten
the increase from 14.3 to 33.1
seconds was an approximate 132
percent increase!

These results clearly
indicate the superiority of the
space mitten under these tasks
conditions when the worksite
is unstable. No significanct
learning effects were observed
during the three trials that
were required in either
tightening or loosening of the
five hex bolts.

EXPERIMENT 2

This experiment was
basically a validation of the
previously described experiment.
Fcr this particular experiment,
two subjects with maintenance

SPACZ “TOOL MITTEN

experience were used. The
task for these subjects was vo
tighten 32 of the 36 1/2-inch
hex bolts distribuced around
the periphery of the hatch
cover that was attached to the
maintenance task cylinder.

The task cylinder was eilither
in a static or a dynamic mode
during this experiment. The
experiment was planned as a

2 x 2 x 2 factorial design in
which the variables were: (1)
task cylinde. in either the
dynamic or static mode, (<)
space mitten versus tool
mitten, and (3) subject 1
versus subject 2. The study
was conducted as a complete
factorial with the assignment
of the experimentel conditions
by Latin sguare randomization.
Fach subject participated in
nine blocks of the experiment;
each block consisted of four
trials of two tools with each
tool used in the dynamic and
static modes. Unfortunately,
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some of the bholts became cross
threaded or damaged during the
experimental trials. However,
due to the randomization pro-
cedure these protlems were
rather constant for all experi-
mer tal treatments.

The resuvlts of this experi-
ment indicated essentially
equivalent performance with the
space mitten and tool mitten
for the hatch fastening opera-
tion while the cylinder was in
the static mode. Although, the
analysis of variance did not
reveal a statistically signifi-
cant difference batween the
performance of the two tools in
the dynamic mode, the data in-
dicates that the tool mitten's
performance time was 19 percent
longer than the space mitten's
performance time. It is inzer-
esting to note that the decre-
ment in performance resulted in
a 24l-percent increase in time.
On the other hand, performance
with the tool mitten resulted
in a tremendous 321-percent
time increas=. These results
ter1 to substantiete those
findings noted in the earlier
experiments. It appears that
the dynamic cylinder mode as a
simulation of a frictionless
work environment offers a
reasonatle fascimile.

LXPERIMENT 3

As part of the overall
research plan to evaluate the
multipurpose features of the
space-tool mitten, a brief
experiment was conducted to
investigate the capability of
the spaze mitten and tool
mitten to operate as s screw-
driver. In addition, a speeder
handle or crank was used in the
investigation.

Iv.4.8

The same two experienced
su»jects vwere used in this
experiment. The task of the
subjects was to tighten five
recessed Allen screws with
screwdriver bit sizes 3/16,
1/4 and 5/16 inches. For this
particular experiment, the
excessive torque of the tool
mitten was reduced bty an auto-
transformer that lowered the
voltage from 120 to 70 volts.
This procedure prevented the
tool from damaging the nuts
and bolts as it had in previ-
ous experiments. This experi-
ment was conducted as a 3 x 3
facterial design witn Latin
square randomization of experi-
mental conditions.

The results ind.cated that
the space mitten was signifi-
cantly more efficient than the
tool mitften or hand operated
crank. The two operators
took approximately 6l-percent
longer to complete the task
with the tool mitten than with
the space mitten. Further,
the use of the hand operated
crank resulted in a 1l41l-per-
cent time increase for the
performance of these screw-
driving task, as compared with
the space mitten.

It appears from this
experiment that such multi-
purpose functions are well
within the realm of capabili-
ties for the next generation
of space-tool mittens.

EXPERIMENT 4

This experiment was con-
ducted to investigate the ease
in which various tocls could
reach simple worksites areas
when accessibility to areas
becomes a protlem. The subs
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Jjects' task was to use a tool
(space mitten, tool mitten,
Allen keyr, or crank) to mate
with the five Allen screws that
viere located on a metal plate
withhin the access opening. The
suvject was not reauired to
complete the screwdriving
operation but merely to be able
to mate the tool with the five
fasteners. Tne "ecg crate”
dividers allowed the sutjects

a variety of access apertures.
Tne particular pairings of
access depths and access areas
were randomly assigned to the
nine experimental tlocks. Each
experimental block consisted of
four trials with each of the
four tools. The suhjects gave
their preferential rankings cf
the four tools during each of
the nine experimental btlocks.
Tne results of this preferen-
tial ranking indicated the
following: The Allen head
wrench was preferred over the
other three tools followed by
the crank, space mitten and
tool mitten. These rankings
are tased upon median rankings
over all conditions. P

This experiment suggests
that for screwdriving opera-
tions in which recessed hex
head tools are used, conven-
tional too s, that is, Allen
head wrenches appear to be more
suitable. The choice of a
power tool for this function
must necessarily depend upon
the frequency and number of
these operations that are re-
quired.

ENGINEERING EVALUATION

The tool mitten previously
illustrated is quite btulky and
unwieldy. The motor location
in front of the operator's hand

and the location of the tool
attachment around the peri-
phery of the tool cause visi-
bility and control difficul-
ties.

We further noted that tool
attachment exchange was
extremely difficult. For
example, the retaining ring on
the chuck remained ouite stiff
during the evaluation and
caused operators to use a
great deal cf force in com-
pressing the retaining ring
while placing tool attachments
on the chuck. PFurther, the
tool attachment exchange is
made even more difficult be-
cause the length of the tool
is such that the operator is
unatle to effectively use his
opposite FLand to make the tool
exchanges. One problem was
related to the tremendous out-
put torque that was guite ex-
cessive for the maintenance
tasks required in the program.
Because of the high torque,
nuts, and bolts often became
cross threaded during the
experimental series.

The space mitten was much
smaller than the tool mitten
since its overall diameter
was reduced by having the
motor teward the end of the
tool. Further, the intro-
duction of a canted handle
that still allowed the opera-
tor positive control of the
tool resulted in some reduc-
tion of the overall diameter.
The canted handle was dis
placed ahout 15° trom the
ve. tical and had a cross
sectioned T-shaped handle.
The narrow end of the T fitted
easily into the V of the
grasping hand. It is thought
that in later designs of the
space mitten, the front
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structure should re reduced in
s‘ze to further improve visil-
£ilit- and control for thre
operator. t is also felt that
further reductions in weight
and size can *e accomplished
while still allowinc the opera-
tor adecuzte freedom of motion
during tool use.

SPACE-TOOL MITTEN

Following the experirental/
research program just discusseqd
Raff Associates developed the
tool shown earlier in Ficures 6
and 7 called the space-tool
mitten. This device emtodies
many of the findings and con-
cepts that were developed
dur‘ng the experimental pro-
grar.. One innovation was a
tool that was developed with za
fiverglass shell in order to
reduce the weight. PFurtber,
the space-tool mitten is
povwered by a silver cadmium
battery that runs an approxi-
mate 1/4-horsepower electric
motor. The silver cadmium re-
chargeable tatterr is housed on
the side of the tool and is in
a positicn to allow quick for-
ward lcading battery exchange.
The tool has a 3/8-inch chuck
and will accept a variety of
hex sockets and screwdriver
attachments. The tool cuff
associated with the space-tool
mitten is also made of fiter-
glass and operates on the same
essential principles described
earlier. Raff Associates feel
that at the present time we are
at an interim step in the
development of the space-tool
mitten. We have not formally
evaluated this second genera-
tion space tool, but we see the
need for an evaluation program
under simulated zero-g and
pressure suited conditions.

IvV.4.10

It has not teen determined
whether we will continue to
develop the current space-tool
mitten for rigorous simulation
and actual fliszht tests or
develop an entirely new mitten
concept. %e feel at this
Juncture that we have demon-
strated a valid concept in this
space -tool mitten.

Tne potential advantages
of our concepts are as follows:
(1) potentiallv a hare-handed
tool or-~ration, (2) multipur-
pose power tool, (3) rapid
tool attacnment exchan-e, (%)
suit-glove protection, (9) one
handed operation, (%Z) center
of mass at the operator's rand,
(7) less tool rulk in the
front end of the tool and (%)
fiberslass housings for space
tools. Further, we helieve
that our methodolosy of nmating
encgineering and experirmental
testing is also ocuite wvalid
for contributinz to overall
design improvements.

h
4
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We velieve that we are
moving in the right direction
for retter space tool designs.
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COLD CATHODE WELDING FOR SPACE APPLICATIONS

Marvin L, Kohn

Industrial Products Department, Hamilton Standard
Division of United Aircraft Corporation
Windsor Locks, Connecticut

and

Carlan W, Silba, 1/Lt, USAF
Air Force Aero Propulsion Laboratory

APFT

Wright-Patterson AFB, Ohio 45433

SUMMARY: A program was performed involving design, fabrication
and test of two manually-operated cold cathode electron beam welding
tools. One tool produced a disc-like electron beam for welding

tubing, and the other, a planar beam for welding sheet metal.

tools fit on a single handle.

INTRODUCTION

Recent advancements in space tech-
hology require methods to be developrd
for sound, leakproof joints in extrater-
restrial structures. Anticipating these
needs for ''space fabrication'" can provide
an insight into the growing importance of
this area of fabrication technology. 1 or
example, large boosters become ineffi-
cient with increasing booster size, re-
quiring the weight and/or volume of the
payload to be limited. The effects of this
limitation can be bypassed by sending the
payload aloft in segments and assembling
it in space. Smaller and less powerful
boosters also could be used to power large
payloads over very great distances if the
payloads originated from sources having
less gravity than earth (e.g., from an or-
biting space station or from the moon).

Complex space or moon stations will
have to be manned, aund be of high struc-
tural integrity so that the safety of the sta-

Both

tion-keeping crew never is imperiled.

Such structures must be capable of con-
taining a life-sustaining environment. Un-
less a "shirt-sleeve' environment is main-
tained within the structure, many complex
situations will result. '"Shirt-sleeve" en-
vironments in space or on the moon must
also be enclosed within a hermetically-
sealed container to ensure retention of

air,

Although many mechanical methods
exist for the preparation of "leak-tight"
joints, not one of them can equal 2 metal-
lurgical bond heremetically. The inade -
quacy of mechanical join:s is related to the
leakage which remains .fter completion of
even the best joint. When a large struc-
ture is fabri~ated using mechanical joints,
the total leakage of all the joints can result
in a significant loss of atmosphere. This
atmosphere must be replaced to ensure the
safety of t..e inhabitants. If the loss, due
to structural defects, become= sufficiently
large to affect the "normal' resupply
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schedule, then the effective cost of the
structure increases, and can easily be-
come greater than the first manufacturing
cost, Thus, a method must be provided
for in situ fabrication by welding of such
structures.,

In addition to the need for a welding
method for primary fabrication are the
requirements for repair and maintenance
welding. In both cases the structural in-

" tegrity of the assembly and the retention

of a habitable environment are of para-
mount importance to crew safety. There-
fore, any fabrication repair or normal
maintenance procedure must include this
capability for fusion welding. Thus, it
will be necessary to provide metals joining
equipment for the use of astronauts during
extended missions.

Normally, welding is a highly skilled
trade that frequently requires many years
for development of high-caliber proficien-
cy. Therefore, reiating an astronaut's
skill to this requircment results in three
possible alternatives:

a. Train the astronaut to perform the
welding task,

b. Train skilled v iders to become
astronauts, or

c. Devise a welding process that is
manual, yet sufficiently automatic
so that little training beyond the
most rudimentary indoctrination
will be required.

Obviously, the third alternative is most
desirable because it permits every astro-
naut to function as a skilled welder when-
ever the need arises, This is the primary
philosophy behind the use of an electron
beam produced by < cold cathode as the
heat source for extraterrestrial welding.

IV.5.2

The electron beam produced by a cold
cathode device can be shaped in a pattern
fixed by the cathode configuration. 7'his
unique characteristic provides the basis
for the inherent simplicity of the tool
whex eby heat energy is transferred to
the workpiece in a pattern fixed by the
cathode configuration, This feature of
the electron beams produced by coid
cathode discharges was developed pri-
vately by United Aircraft Corporation,
The advantage of tuis "extended geometry"
electron beam for extraterrestrial joining
is obvious: u few simple cathode configu-
rations can provide a great degree of
joining versatility without requiring sig-
nificant operator skill,

In addition to welding, the materiais
juining tool has been used to prepare a
brazed lap joint. Other programs now
underway at United Aiicraft have shown
thr cold cathode electron beams can be
applied successfully to heat treating and
also to float-zone growing of single crys-
tals,

ELECTRON BEAM GENERATION

Electron beams in cold cathcde devices
are the result of abnormal flow discharges
in low pressure gaseous regions. The
cathodes are at high negative potentials
while the remainder of the system is
maintained at ground potential, The low
pressure (approximately 0.1 to 1 Torr,
depending upon the gas, is required to
provide gas atoms for plasma formation.
If the quantity of gas atoms (e.g., the gas
pressure) is too high or low, the abnormal
discharge producing the directed electron
beam will not form,

During operation, the ambient gas is
transformed into a plasma by the potential
difference between the cathode and ground.
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The positive particles in the plasma are
attracted to the cathode and strike it
causing secondary emission of electrons
from its surface. Also, some neutral
particles and photons will strike the ca-
thode causing additional secondary emis-
sion electrons to be formed, The secon-
dary emission electrons, and also the
electrons formed as a result of the plasma
formation, are directed away from the
cathode with a velocity related to the po-
tential of the cathode with respect to
ground.

CATHODE TECHNOLOGY

The basis of the beam shaping charac-
teristics of the cathode is related to the
formation of equipotential surfaces about
the cathode, approximately parallel to the
cathode surface. The electrons in the
beam are accelerated in a direction nor-
mal to the equipotential surfaces; there-
fore, electron beams will come to focus
at the geometric center of curvature of the
emitting surfaces. This focusing char-
acteristic is relatively insensitive to
changes in voltage and pressure so long
as the discharge operation is in the high-
voltage abnormal glow mode.

The beam shape can be altered to meet
the exact requirements of an application
by the use of cathode shields, This tech-
nique has been used in the linear tool to
control the length of the beam, The criti-
cal factors in the use of shields are their
size, shape and placement. Shields
placed close to the cathode ccst a shadow
upon it, preventing its bombardment by
the plasma, thereby precluding beam
formation, These shields prevent cathode
emission and are not heated Ly the beam,
A second method of effecting changes in
the beam is to physically block the beam,
In this method, the shields blocl.ing the

beam are heated by it, and as a result,
this method of beam operation is undesir-
able,

EQUIPMENT DESIGN

The design of the material joining tools
was based upon basic operational and phyv-
sical requirements, Essentially these
were:

a. Operating potentials should be 5.0
kv or less to assure elimination of
X-radiation,

Annular butt welds shall be made in
3/8-inch diameter tubing.

c. Full penetration is required in
0. 060-inch wall, 3/8-inch diameter
stainless steeltubing,

d. Windows shall be provided to per-
mit observation of the welding.

e, The cathode and shield of the annu-
lar tool will be split to provide maxi-
mum usefulness of the tool,

f. Fixturing will be provided in the
annular tool to hold the tube halves
in the beam and to adjust the joint
into the beam focus.

g. Workpiece seals will be made of
metal to preclude vulnerability to
degradation by high temperatures,

h. An adjustable cathode shield will be
provided on the linear tool to pro-
duce linear beams no ionger than
<:x inches, nor shorter than 0, 030
inch,

i. The ambient gas will be admitted to
the cathode area through the high-

Iv.5.3
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voltage potting.

j. Interlocks will be provided to pre-
vent activation of a properly wired
power supply * until the tools are
safely closed, or are in full contact
with the work.

k. The handle will contain the gas sup-
ply, the gas supply valve and regu-
lator, and the high voltage feed-
through.

1. The handie will be oriented at 30° to

tie plane of the work to provide a
comfortable operating position,

Annular Tool Design

The stainless chamber, shown in fig-
ure 1, is 6 inches in diameter, and 5 1/2-
inches long; a 90° segment of the chamber
forward of the high-voltage feedthrougn
opens to permit placing the tube segments
within the cathode. The window location
provides an uncbstructed view of the cath-
ode and work. A simple, four-leaf shutter
assembly is used at the workpiece access
bole in the chamber to reduce the flow of
gas from the chamber to the low-pressure
surroundings. In this design, two leaves
of the shutter are in the basic chamber,
and two on the movable "'door'" segment.
Two fixture adjustments are provided, the
first tightens the fixture about the tube, and
the second moves the fixture to align the
joint to the beam focus circle, The weight
of the annular tool, including the fixture
but exc'uding the handle, is 9.5 pounds.

* The power supply used during this pro-
gram was not designed for on/off control
from the trigger of the tool. A power sup-
ply designed specifically for the Materials
Joining Tool should have this circuitry.

Iv.5.4

Linear Tool Design

The linear tool shown in figure 2 is con-
siderably simpler than the annular tool. It
consists of a chambker with an open bottom;
the cathode is at the top of the chamber to
produce a beam whose focal line is in the
plane of the bottom of the chamber. In ad-
dition, an adjustable shield system pro-
vides variations in beam length. The
weighi of the linear tool is 4.5 pounds.

Two large windows are located on the
opposing long faces of the tool chamber.
Originally, Lexan * was considered for the
windows because indications were that it
would withstand the operating conditions of
the tool and not lose transparency. How-
ever, the Lexan softened and deformed
under the temperatures reached during
sustained operation. Although it probably
could be used for many welding tasks,
Lexan was not suitable for welding heavy
gage or high melting-point materials, nor
could it be used for brazing or general
heating. A clear grade of mica was ob-
tained; it was not adversely affected by
cathode operation, and performed satis-
factorily,

Handle Design

The handle design was based upon pre-
vious work at Hamilton Standard, Its size
and shape in effect had been tested pre-
viously in Hamilton Standard's Man-Rated
altitude chamber by a pressure-suited test
subject using a tool with a similar handle
at an ambient pressure of 2, 6 x 10-% Torr.

A low-pressure, gaseous environment
is required in the region of the cathode

* Lexan is a proprietary plastic manufac-
tured by the General Electric Company.
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to supply atcms for ionization and subse-
quent beam furmation. Terrestrial cath-
ode devices use a bleed valve to introduce
a gas to the cathode area while the system
is being evacuated to produce a dynamical-
ly bzlanced pressure., The tool will oper-
ate in a similar manner: the space envi-
ronment will act as the pump while the
seals, using simple metal-to-metal con-
tact, will provide the fixed leak, A small
gas cylinder, a valve, a pressure regu-
lator, and a bleed valve (all included in
the handle assembly) comprise the gas
supply systein.

The gas system shown with the handle
in figures 1 and 2 consists of a small, 75
ml., g28 cylinder which can be pressur-
ized to 400 peig. Downstream of the

cylinder a toggle valve is used for on-off .

control; the toggle action facilitates easy
operation for an astronaut wearing space
gloves, The remsinder of the pressure
syst- m, in order, consists of a needie
valve, a pressure regulator and a second
needle valve. The first needle valve acts
as an anti-surge valve prctecting the re-
gulator from e ddenly receiving the full
inipact of the pas pressure within tne
bottle., /ithout this, the regulator oscil-
lates, wnd the entire contents of the gas
cylinder are lost through the regulator
reiief port. The second needle valve is
used in conjunction with the pressuvre reg-
ulator to provide gas pressure and flow
control, Operation of the system will be
limited to a 200-psig charge within the
gas cylinder to ensure that the system 1s
opera.ed safely under the upper operating
level of each of the compcnents.

WELDING TESTS
A comprehensive series of welding

tests were performed using the annular
tool. Stainless steel, aluminum, copper,

IV 5.6

and titanium tubing, and also copper,
stainless steel, titanium and Hastelloy W
rod and wire were used for-welding cests
a3 shown in table 1,

Annular Tool

Initial tests were performed to evalu-
ate the device as a weld'ny; tool, These
tests verified the speed and ease of making
butt-weld joints in tubing, rod and wire,
All material was cut square and, except
when prohibited by test requ’ ‘emients, was
cleaned prior to welding,

Weld Capability

The first test sequence was to study
the weldability of the four different tubing
materials indicated in table 1, All weld-
ing was performed using argon as the
shielding gas, The arrangement of the
annular tool in the bell jar for these tests
is as shown in figure 3,

Satisfactory welds were made in stain-
less steel, copper and titanium; whereas,
aluminum could not be joined satisfac-
torily, Typical welds in these materials
are shown in figures 4 and 5. The sam-
~les shown in figure 4, titauium, alumi-
num, and copper, were all made in an
argon atmosphere; the stainless steel
samples shown in figure 5 were made in
argon and air as the ambient atmospheres.

Additional attempts to weld aluminum
were performed using nitrogen, helivm,
and air atmospheres. These were Lot
successful. In addition to normal cleaning
procedures, the aluminum samples were
degreased in methylethyl ketone (MEK),
abraded using emery cloth at and near
the faying surfaces, and then washad a
second time in MEK. However, this treat-
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TABLE I, TEST MATERIALS

ALLOY AND DESIGNATION

SIZE, INCH
0.D. WALL THICKNESS

TUBING

STAINLESS STEEL, AISI 304
COPPER, OFHC

TITANIUM, C.P,

ALUMINUM, 5052—0

WIRE AND ROD

STAINLESS STEEL, A!SI 304
COPPER, OFHC
TITANIUM, C.P,
HASTELLOY W

SHEET
STAINLESS STEEL, AiSl 304
STAINLESS STEEL, AlSI 304

ment did not provide any imp. ovement iz
weldability of the aluminum, It h.s been
hypothesized that the difficulty was be-
cause the beam did not break up the sur-
face aluminum oxide. When aluminum
samples were heated, the aluminum metal
(encased in an oxide sheath) was heated to
greater ihan its 1, 100 - 1, 200F melting
range while the aluminum oxide on the sur-
face with a melting point of 3, 722F, re-
mained solid, However, the oxide layer
was sufficiently thin to be easily deformed
while the aluminum was molten, explain-
ing the puckered surface of the weld zone
seen in figure 4.

The formation of aluminum oxide pro-
ceeds s rapidly chat it {8 impossible for
an aluminum suriface to remain free from
oxide unless the surface is mechanically
abraced in an oxygen-free, inert atmos-
phere or in 4 vacuum, Thus, welding

3/8 0,065 —_
3/8 0.065 —
3/8 G.r 49 —
3/8 0.049 —_—
0.125 — —-
0.125 — —_
0.044 —_ —_
0.035 —_ —

— -_— 0.060
— 0.030

aluminum with tki . toul should be reeval-
uated ducing manned testing by » pressure-
suited test suhject in a man-rated altitude
chamber,

Welded tubes were secticned, mounted,
and polished to provide an examiration of
joint quality., Photomacrographs of ihe
weld joints in copper, stainless steel and
titanium ace shown in figure 6, The pho-
tos verify the presence of full penetra-
tion weld joints. More detailed examina-
tions are shovwn in figure 7. The base
metal microsiructure of stainless steeli,
shown in figure 7a, is typical of stainless
steel; the elongated voids are related to
the tube-drawing operation. Figure 7b
shows the weld metal with the outer sur-
face of the tube at the t)p of the photo-
graph, Large dendritic grains are ap-
par~nt only at the outside surface indi--
cating that thka* surface cooled slower than

W.5.7
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TITANIUM ALUMINUM COPPER

FIGURE 4. WELDS IN TUBING MADE WITH THE ANNULAR TOOL
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FIGURE 5. WELDS MADE IN STAINLESS STEEL TUBING
MADE WITH THE ANNULAR TOOL
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C. TITANIUM TUBING

FIGURE 6. PHOTOMACROGRAPHS OF WELDS IN COPPER, STAINLESS STEEL,
AND TITANIUM TUBING, 15X MAGNIFICATION
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C. TITANIUM WELD METAL

FIGURE 7. PHOTOMICROGRAPHS OF STAINLESS STEEL.
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the inner porticns of the tube wall,
This was the result of the heat sink ef-
fect of the tube material. The titani-
um weld metal shown in figure 7c is
acicular alpha, a structure which
commonly occurs in titanium weld
metal,

Effect of Atmosphere

The second evaluation was to deter-
mine the effect of each of four different
atmospheres on welds in stainless steel
tubing. Of the four gases tested, air,
argon, helium, and nitrogen, only air
did not produce good welds, A tenden-
cy toward incomplete penetration in the
welds was encountered whea welding in
air, Furtherngore, the air caused oxi-
dation of the weld which undoubtedly
bad a deleteridus effect on weld prop-
erties.

The average energy required for
welding with each of the four gases was
determined; these data arc reported in
table II. Th® iata for air are suspect
because of i3 inab’lity to completely
penetrate through th= sample. The in-
complete penetration of the welds made

in air are shown in figure 8a. Note
especially the broad, shallow melted
region. This can be seen at higher
magnification in figure 8b,

In tests to determine operating pres-
sures and gas flow, a solid 3/8-inch
diameter stainless steel rod was in-
serted in the cathode, The tool was
operated at five different air pressures
and three different helium pressures;
the beam current and voltages were
measured and the results plotted as
shown in figure 9, In figure 9a, the
highest pressure reported for com =
pressed air is 0,148 Torr, approxi-
mately 0, 050 Torr less than the lowest
helium pressure., The power at the
upper end of each of the curves was
approximately 1, 000 watts where melt-
ing of the rod occurred. This test
indicated that three to four times more
helium than air will be required to
produce a given beam power. Further-
more, tesis performed previously have
shown that air, argon, and nitrogen
operate at approximately the same
pressure level,

Nitrogen is interstitially dissolved into
titanium causing embrittlement of the weld,

TABLE ll, EFFECT OF ATMOSPHERE

NUMBER OF AVERAGE ENERGY INPUT,
GAS SAMPLES KILOJOULES
ARGON 7 21.54
AlIR 6 14.42
HELIUM 7 13.39
NITROGEN 4 15.83

IV.5.12
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C. WELDED IN HELIUM. NOTE JOINT TOWARD LEFT SIDE 15 X

FIGURE 8. EFFECT OF DIFFERENT GASES ON WELDS IN
STAINLESS STEEL TUBING
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Thus, neither air nor nitrogen are
satisfactory weiding atmospheres,
Helium is less satisfactory than argon
because of the high pressure required
for proper beam formation, There-
fore, argon was chosen as the pre-~
ferred environment,

Low Power, High Speed

A series of samples of titanium and
stainless steel were welded using inini-
mum power and minimum time to deter-
mine the effect of power on welding speed.
These data were con.pnred with other
samples, and the power was plotted
against the time to make the weld, as
shown in figure 10, These data are re-
presented by a scatter band because of the
variables affecting precise measurement
of welding time:

a. The time at which welding was
deemed complete was based solely
upon operator judgement,

b. The time required to raise the power
to the desired weld level and to turn
it off was controlied manually, and
therefore was not reproducible,

Referring to figure 10 indicates that, tc
some limiting value, the time required to
make a weld is inversely proportional to
the power, It is apparent that a wide
range of power and time can be used to
make satisfactory weld joints, If the data
used to plot figure 10 are examired in de-
tail it can be seen that the energy (the
product of power times time) to make a
weld reduces as time diminishes, Ina
space flight when power is at a premium,
it is desirable to use high power to mini-
mize welding time,

Effect of Material Condition

The fourth evaluation involved making
welds in stainless stecl and titanium tubing
in conditions which are representative of
those found in actual structures. The ¢ 70
alloys were welded in three different con-
ditions: oxidized, painted, and greased.
All welds appeared to be sound; however,
detailed tests were not performed to ex-
amine for brittleness, formation of non-
metallic inclusions, or for the presence
of excessive interstitial alloying elements.

The surface contaminants were accom-
plished by:

a. Heating, in air, to 750F for 1 hour,
or

b. Painting one-half of the tube surface
with black acrylic spray paint, or

c. Coating one-half of the tube surface
with silicone vacuum grease,

Welds in titanium and stainless steel
tubes oxidized prior to welding are shown
in figure 11, The outward appearance of
these welds was similar to those welds
made in tubing that had not been oxidized.
The surface of the titanium tubing bad a
tannish-brown oxide which was caused by
heating; this appeared to bave been re-
moved by weiding.

Samples which were painted and greased
before welding are shown in figure 12, The
greased titanium sample on the left of fig-
ure 12 had the grease burned off the weld
zone and an area adjacer " to it, It is as-
sumed that this occurred before fusion,
The grease seems to have been completely
removed from the surface of the tube over
the entire region of beam impingement,
and not only at the region of melting. The
paint shown on the sample at the right in

IV.5.15
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figure 12 responded in 2 manner similar
to the grease,

Linear Tool

The weld tests with the linear tool were
performed to study the usefulness of the
tool for lirear welding. Weld tests on
0. 03i-inch and 0. 062-inch stainless steel
in butt weld configuration were undertaken.

Butt Welds

The technique employed in making welds
with the linear cathode, exposing an ex-
tended length of weld joint to the beam,
could not be used to produce acceptable
welds without further development. This
probably was the result of small differ-
ences ik power across the active length of
the cathode. One part of the joint started
to melt first, and by the time the entire
joint bad been heated to fusion tempera-
ture, the molten metal in the first region
to melt bad balled up, producing a gap at
the butt. This gap prevented the forma-
tion of a good weld over the full joint length.

This hypothesis was proved by using the
cathode to make a very short weld. The
length of the weld, diminished by closing
the shields, was small enough to reduce
the beam to almost a point impingement,
but large enough so that a sho: ¢ line of
weld would be discernible, Such welds are
shown in figure 13. The upper, 0,031-inch
thick, specimen was welded with a cathode
baving an effective lenzth of 0. 300 inch;
the lower specimen, 0, 062-inch thick, re-
quired a larger, 1,250 inch, effective
cathode length. The thicker material re-
guired approximately 2kw of beam power to
produce the full penetration,

Brazing

The scope of the program limited the
metals joining tests to welding; however,
a test was performed early in the tool
evaluation to determine its applicability to
brazing. The tool, using = linear cathode,
was used to prepare a lap braze joint.
Two sheets of copper were lapped over
each other with an AWS type BCuP brazing
alloy sandwiched between them. The as-
sembly was heated to the liquation point
and an apparently good brazed joint was
produced,

CONCLUSIONS

The annular materials joining tool can
be used to butt weld tubing to 3/8-inch
0.D., 0.060-inch wall, nnd wire and rod
from 0. 030 to 0, 125-inch diameter. Ef-
fective use of the linear materials joining
tool was limited to spot welding in 0. 030-
and 0. 060-inch stainless steel, Stainless
steel, copper and titanium were success-
fully welded; however difficulties were en-
countered in welding aluminum. A hypo-
thesis has been presented explaining that
this difficulty results from the rapid rate
at which the aluminum surface is oxidized.
As a consequence, it is anticipated that
aluminum is weldable by the materials
joining tool in the "high-purity" vacuum
of space.

The tools require a low pressure
gaseous atmosphere for beam formation.
Of the four gases tested during this pro-
gram, argon is preferred for welding,
however, any of the gases tested can be
used to produce an electron >eam by this
method.

IV.5.19
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0.031 STAINLESS STEEL
0.300—INCH SHIELD SPACING
ARGON ATMOSPHERE

300 MA

3800 VOL.TS

26.0 SECONDS

0.062 STAINLESS STEEL
1.250—INCH SHIELD SPACING
ARGON ATMOSPHERE ’
325 MA o
6100 VOLTS

FIGURE 13. TACK WELDS MADE WITH THE LINEAR TOOL
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EVA FORCE EMISSION CAPABILITY IN SIMULATED ZERO GRAVITY*
D. G. Norman and E. S. Miller
General Electric Company

Missile and Space Division
Valley Forge, Pennsylvania

SUMMARY: This paper describes the results of an experi-

ment designed to evaluate and quantify man's ability to

generate impulsive and sustained forces in an extravehi-
cular, zero-gravity environment. The work was performed

by the General Electric Company as part of a study for

the collection of human engineering data for the ma2inte-

nance and repair of advanced space systems which was
sponsored by OART at NASA Headquar.ers and directed by

the P&VE Laboratory at the Marshall Space Flight Center.

INTRODUCTION

One of the most basic demands
to be made on man by space sys-
tems, present and future, is the
requirement to exert forces of
various types and directions.
The need to remove and stow,
assemble and disassemble, and in-
stall various structural compo-
nents, as well as the need to
move himself will require the
applications of forces by the
space-suited astronaut. The
experiment described here is
designed to evaluate and quantify
man's ability to generate impul-
sive and sustained forces under
a variety of conditions which
simulate various modes of
restraint and accessibility.

The resultant data is of special
importance to spacecraft
designers, since it provides the
answers to two essential ques-
tions:

*The research reported in this
paper was carried out under Con-
tract No. NAS 8-18117, for the
NASA Marshall Space Flight Center.
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a. Given a force generation
requirement, what are the
accessibility and restraint
criteria which must be im-
posed on the workspace
envelope?

b. Given a specific workspace
envelope and restraint,
what are the force genera-
tion capabilities of a
space-suited astronaut?

OBJECTIVES

The systematic variation of
restraint conditions while meus-~
uring maximum impulse and sus-
tained force gemeration capa-
bility will provide the space-
craft designer with comparative
data on the relative values of
specific types of restraint sys-
tems. Varying the orientation
and location of the force
receiver will also provide

Iv.6.1




comparative data to evaluate the
relative effects of accessi-
bility and variations of the work
envelope on man's force applica-
tion capabilities. Although many
of the restraint conditions to be
tested would appear unreasonable
in certain situations, this
experiment is designed to gener-
ate sufficient information to
assist the designer in specifying
and designing new and better
restraint systems than those
presently available. The design
of an optimum restraint when a
desired force emission capability
is required will be possible on a
quantitative basis if the appro-
priate data is available. Also,
since the astronaut will be pro-
vided with a restraint system
which controls and limits his
movements, the availability of
force emission capability data as
a function of force receiver lo-
cation and orientation will assist
the designer in the solution of
the man/machine interface prob-
lems. Therefore, the major objec-
tives of this experiment were to:

a. Measure and evaluate the
effects of restraint sys-
tem on impulse and sus-
tained force-producing
capability in zero-g

b. Measure and evaluate the
effects of. force receiver
orientation on impulse and
sustained force-producing
capability in zero-g

¢. Measure and evaluate the
effects of force receiver
location on impulse and
sustained force-producing
capability in zero-g

EXPERIMENT DESCRIPTION

This experiment was concerned
with determining the effects of
zero-gravity on the force-pro-
ducing capabilities of subjects
as a functicn of the type of
restraint and simulated condi-
tions of accessibility. In this
study, the restraints were varied
in the number of energy sinks
provided to the subject and the
location of these energy sinks.
Additionally, the accessibility
conditions were evaluated by
changing the locition and ori-
entation of the force receiver
relative to the subject. The
subjects performed all tasks
wearing an Apollo State-of-the-
Art spacesuit pressurized to 3.7
psig. Zero-gravity was simu-
iated by the technique of neutral
buoyancy submergence described
in a paper entitled A Method for
Obtaining High Fidelity Under-

water Simulation of Man Space

Activities by Goldstein and

Alvarado and presented at AIAA
4th Annual Meeting and Technical
Display, Anaheim, Califormnia,
October 23-27, 1967. The experi-
mental apparatus was designed
and constructed to provide effi-
cient selection of the experi-
mental condition combinations by
an underwater technician. The
experimental condition combina-
tions consisted of eight types
of restraint (including no
restraint), three force receiver
distances, three force receiver
angles, and two handle orienta-
tions. Maximum impulse and sus-
tained forces were obtained from
each of four subjects for each
experimental condition.
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Impulsive forces were defined as
the peak forces exerted during a
1.0-second interval, while sus-
tained forces are defined as the
minimum force maintained over a
4-second interval, The required
forces were applied in push,
pull, left, right, up, and down
directions at all force receiver
locations.

Prior to the initiation of
each experimental sequence, the
subject was attached to one of
the restraint systems and sta-
bilized in front of ~“he force
receiver hendle. The handle had
been previously set at one of
the experimental distances and
angles and at a selected orienta-
tion. When all personnel were
ready, the experimenter initiated
signals on a test director's
panel which displayed on the sub-
ject's cue panel the required
direction and type of force to be
exerted. After a 2-second cue
time a "go" signal was displayed
to the subject, who was instructed
to exert the appropriate force
until the "go" signal extin-
guished. After a suitable rest
period, new cue signals were dis-
played tc the subject and the
above pr -.odure repeated. After
perfornin., 12 trials or required
force exections (sustained and
impulse forces in all six direc-
tions), the handle orientation
and/or distance was changed and a
new sequence of 12 trials begun.
An experimental session consisted
of 96 trials, and the experiment
required 192 sessions to complete
the data collection across all
experimeital conditions.

EXPERIMENTAL VARIABLES

Man's ability to emit forces
in a zero gravity environment is
influenced by several variables.
Some of the most important are:
(a) type of restraint system;
(b) force profile required; (c)
position and location of the
body relative to the force
receiver; (d) orientation of
force receiver; and (e) type of
space suit worn and pressuriza-
tion conditions. Variations and
combinations of the above have
been included in the experiment
protocol to the extent limited
by practical, budgetary, and
equipment considerations. The
range of each variable is briefly
discussed below.

Selection of restraints to be
used in this experimental pro-
gram was made based on the fea-
sibility and probability of being
available for future manned space
flights. Consideration was given
to factors which influence the
crew performance profile, such
as the number and location of
attachment pcints, rigidity of
energy sinks, and freedom of
movement. Selected restraints
include:

a. None

b. Handhold

¢. Two-point waist strap
d. Gemini-type Dutch shoes
e. Handhold and waist

f. Handhold and shoes

IvV.6.3
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g. Waist and shoes
h. Handhold and waist and shoes

The type and direction of the
applied forces were chosen to ob-
tain data covering all directions
of force application. Directions
of application include: (a) push;
(b) pull; (c) left; (d) right;
(e) up; and (f) down. The left,
right, up, and down directions
also have direct applicability to
torque generation. Both l-second
impulsive and 4-second sustained
forces are included for each
direction.

Although an almost infinite
number of force receiver locations
are possible in the volume en-
closed by the subject's reach
envelope, it was necessary to
limit this variable to the plane
described by the horizontal sweep
of the man's arm and his reach.
Utilizing a line drawn perpendi-
cular to the right side of the
chest as the 0O-degree reference
point, two additionmal locations
at +45 degrees (right) and -15
degrees (left) were selected. At
each of these locations, 3 dis-
tances forward of the sagittal
axis were chosen to sample the
range in variations in force-
producing capabilities and in-
clude:

a. Near (elbow angle approxi-
mately 90 degrees)

b. Medium (elbow angle approx-
imately 135S degrees)

c. Far (elbow angle approxi-
mately 180 degrees)

IvV,6.4

The handhold of the force
receiver was oriented either in
the horizontal plane (0 degrees)
or vertical plane (90 degrees).
As previously stated, Apollo
St: te-of-the-Art suits are uti-
lized in the conduct of this
experiment.

Six subjects were used in
this experiment, four exten-
sively and two as alternates.
Three of the subjects were
selected to represent the 50th
percentiie and three the 90th
percentile in height from the
Anthropometry of Flying Personnel

published in 1950 by Hertzberg,
Daniels and Churchill. The
actual subject descriptive data
is presented in Table I. They
ranged from 25 to 29 years in
age (mean of 31), from 140 to

178 pounds in weight (mean of
163), and from £'10" to 6'0" in
height (mean of 5'11"). All
subjects had high school diplomas
or equivalent, one had 2 years

of college and three had college
degrees in engineering. All sub-
jects were experienced SCUBA
divers and had been pressure

suit indoctrinated. All subjects
had passed the Air Force Category
I1I flight physical and had nor-
mal vision in both eyes.




TABLE 1 SUBJECT DATA

Sub. Wwt. Ht. Educ.
No. Age (Lbs.) (In.) (Yrs.)
1 37 170 72.55 16
2 33 178 71.50 14
3 39 150 70 12
4 30 140 69 16
5 25 165 72 12
6 25 178 70 16

Pressurization Method

Two methods of providing the
required 3.7 psig pressure in-
side the space suits were uti-
lized. The first was provided
by an air pressurization system
attached to an underwater back-
pack. 1Inlet and exhaust hoses
were attached to the suit to
provide air flow for cooling
and CO; removal. The second was
provided by a water pressuriza-
tion system located in the under-
water backpack. This configura-
tion provided continuously
pumped water intc the suit through
a single umbilical and dumped it
through preset, parallel dump
valves. The two pressurization
methods were included as an
experimental variable to provide
an initial determination of the
differential effects, if any,
of the two pressurization modes.

FXPERIMENT APPARATUS

The underwater experiment
apparatus (Figure 1) consisted
of a force receiver that con-
verted the forces applied by
the subject into electrical
output :ignals, a framework to
cupport the force receiver and
provide the proper restraints
to the test subject, and a
vanel to display to the test
subject the desired force dir-
ection and type. 1In addition
to this equipment, a panel was
provided to enable the test
director to give instruction
to the test subject in the
water,

FIG. 1 - EXPT. 84A UNDERWATER
APPARATUS
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The force receiver h:crdware
consists of a cylindrical shaft,
anchored at one end with the
handle affixed to the other end.
Force application is measured
by bending defiections in the
cantilevered shaft in the Y and
Z axes and deflections of a
calibrated spring in the X axis.
Deflection is measured by three
orthogcnally placed differential
transformers and is relatively
small (approximately 0.200 in./100
1b in the X axis and 0.250 in./100
1b in the Y and Z axes). The
force receiver 1s mounted on a
carriage which may be adjusted in
the Y~Z and X-Z planes to vary
elbow angle and horizontal loca-
tions, respectively. The carriage
is mounted on a rigid frame which
also provides attachment points
for the subject to the various
restraints.

During the conduct of the
experiment, the test subject is
attached to one of the eight
restraints, and the appropriate
experimental conditions are set
up by a technician who remains in
the water with the test subject.
Instructions as to force direction
and type are programmed bv the
test director through his control
panel and received by the under-
water test subject on his cue
panel for a 2-second cue period
prior to the force application
command. The type of force to
be applied is denoted by appro-
priate illumination of either
the "impulse” or "sustain" leg-
ends, while the direction of

Iv.6.6
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force application it shown by
illumination of the appropriate
arrow (left, right, up, or down)
or legend (push or pull). At

the end of the cue interval, a
"go" light is illuminated for a
period of 4 seconds for the sus-
tained force command and 1 second
for an impulsive force. The test
subject applies maximum force for
the duration of the '"go" signal.

EXPERIMENT SCHEDULING

The magnitude of the number
of experimental conditions
selected for investigation in
this experiment required that
great care be exercised in the
scheduling and organization of
the tast sequences in order to
minimize the possivility of
systematically biasing the
resultant data. The experiment
was origirally designed for 36
operational days with 768 trials
on each day. The four subjects
were to be tested in each of
the 3456 experimental condition
combinations twice, making a
total of 27,648 data points
or trials. The randomization
of the variables and the required
schedule revisions are discussed
below.

In order to preclude the
occurrence of such extraneous or
systematic biases as transfer-
of-training and order-of-presen-
tation effects on the reliability
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of the data, it would be desirable
to randomize the sequence of all
the experimental condition com-
binations. Numerous practical
considerations, however, made com-
plete randomization impractical,
as a relatively indeterminant num-
ber of changes in subject, suit
pressurization, restraint type,
etc., would extend the schedule
beyond all reasonable bounds.

In actuality the condition
combinations were arranged into
sessions with 96 force applica-
tions or trials each, resulting
in a total of 288 sessions. A
working schedule of eight sessions
a day, with each subject partici-
pating in twn sessions each day,
was planned. The following were
the constraints placed on the
randomizing, or scheduling, of
the experiment:

a. Pressurization method re-
mained constant throughout
a day and was alternated
each working day.

b. The order of the four sub-
jects was random for the
first four sessions and
repeated for the second
four sessions each day.

c. The receiver angle remained
constant within each ses-
sion, but was random across
sessions.

d. Restraints remained constant
within each half session
(48 trials), but were ran-
domly assigned across half
sessions.

e. Receiver orientation and
receiver distance remained
constant within each block
of 12 trials, but were
randomly assigned across
blocks of 12 trials.

f. Within each block of 12
trials, every combination
of force type and force
direction occurred. The
order of presentation was
random within cach block
of 12 with the restriction
that within each four
trials (i.e., 1 through 4,
5 through 8, and 9 through
12), two sustained and two
impulse trials occurred.

Rest periods were system-
atically distributed throughout
the session to minimize fatigue
effects.

The original experimental
schedule was revised in a number
of ways due to operational con-
straints and problems. These
primarily resulted in a change
in the running order of subjects
and the number of replications
of each trial point. The com-
pletely random order of test
subjects was restricted such
that two subjects (1 and 2) were
scheduled first during each day
because of their availability
only from 7:00 A.M. to 3:30 P.M.
The other two subjects (3 and &)
always ran last because of their
availability from 9:30 A.M, to
6:00 P.M. 1In addition, the
limited availability of Apollo
State-of-the-Art pressure suits
required that the two 90th per-
centile subjects (1 and 3)
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alternate with the two 50th per-
centile subjects (2 and 4) to
reduce session changeover time.
These revisions resulted in only
two possible subject running
orders - 1,2,3,4, or 2,1,4,3. 1t
was decided to use one running
order for 2 days, then alternate
with the other running order for
two days. This schedule was gen-
erally kept for the first four
sessions of each day.

The original protocol design
called for two replications of
each experimental condition com-

bination for a total 288 sessious.

Due to the considerable number of
delays resulting from equipment
failures and personnel problems,
it was decided to terminate the
experiment after obtaining only
one replication of each conditi~.
combination and evaluate the rez-
sibility of pooling sowme of the
experimental conditions, speci-
fically pressurization method
and subjects,

Combining the d:ita collected
under the conditions 2f water and
air pressurization .-S appeared
to be justified on ite basis of

face validity from the test direc-
tors constant visual monitoring of

the oscillographic tap.s. Addi-
tionally, it was felt that the
subjects percentile groupiugs
could be combined. This pooling
of the subject factor also
appeared, from "eye-balling" the

data, to be justified on the basis

of the subjects not representing
a 50th ar’ 90th percentile
grouping on the basis of force
emission capability although they
did represent the 50th (or 65th)

Iv.6.8

and 90th percentile in height.
Subsequent statistical analysis,
presented in the Results and Con-
clusions Section, confirmed the
validity of the-e decisions.

When the above decision to
combine experimental conditions
was made, it was found that 84
perceat of the data for the first
replication had been collected.
In addition, approximately 14
percent of the data for the sec-
ond replication had been col-
lected. However, for the re-
maining portion of the data, a
revised session format would be
required. In the new session
format, restraint would remain
constant for only 24 trials as
compared to 48 new trials in the
original sessions. Otherwise
the session format remained un-
changed. Approximately 14 per-
cent of the data was collected
under this new session format.

Finally, uvthen the computer
reduction nf :the data was com-
pleted, it '». found that some
data was mi:<:ag due to instru-
mentation vl .ems or excessive
noise on tt.o :nalog tape. This
missirg ¢+t . approximately 2

percent, . .- :ollected during
makeup f¢.-=ions using approxi-
matel, '+ same session format
-7ite + = ¢ frequent changes of
the : ;~»rimental variables. The

delatron of individual trials,
for one reason or another, com-
bined with the variation in the
nunber of replications discussed
above, resulted in a variation
from 6 to 12 in the number of
trials for each experimental
condition combination in the
data printout.
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INSTRUMENTATION

The instrumentation utilized
.n this experiment was designed
to provide for both computerized
data reduction as well as the
capability for real-time moni-
toring of the data by the test
director. These capabilities
were provided by the use of mag-
netic tape and oscillographic
recordings of both the instruc-
tions to the test subject and the
outputs of the force receiv r
transducers. In addition to
recording the applied force in
the command direction, the fecrces
in the other two axes were also
recorded to provide a measure of
the error forces. Figure 2 is a
block diagram of the instruaenta-
tion used.

FIG. 2 - INSTRUMENTATION BLOCK
DIAGRAM

The outputs of the force
receiver transducers were recorded

B2

on Channels 1 through 3 of an
Ampex Model CP-100 recorder, with
the remaining channels used to
record identifying information
for the computer and verbal com-
ments made by the test director.
Channels 4 and 5 contain the
trial idestification numbers as
listed »u the session format
sheetr  Tha "go'" signal, which
was te. ....2d on Channzl 7, was

a 4-5-.ond or l-second full-scale
deflection that served to indi-
cate a ccrmanded force as sus-
tained or impulsive, respec-
tively. Channel 8 identified
the command force direction by
coding as one of six discrete
voltage levels, ranging from
zero to full scale. Chaanels 9
and 10 recorded the IRIG "B"
time code and the force receiver
handle orientatiou.

The abort signali recorded on
Channel 11 was itsed to indicate
to the computer that a particu-
lar trial should be discarded
f.om the data processing. This
was done to prevent erroneous
data from being incorporated in
the data output and to save un~-
necessary computation time. A
digitizing signal (Channel 12)
served as a command signal for
the A-D conversion beginafng 2
seconds before the "go" signal
and ending 1 secund after the
termination of the '"go" signal.
The data was later digitized
during this 7-second (for sus-
tained forces) or 4-second (for
impulsive forces) time period at
a rate of 100 samples per second.
Channel 14 wus used to record
verbal comments by the test

director, Channels 6 and 13
were unused spares.
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Real-time viewing of the data
was provided by an eight-channel
oscillographic recorder. The in-
puts to this recorder were ob-
tained from selected playback
heads of the analog tape recorder
so that the test director could
continuously monitor the status
of pertinent recorded data. This
was especially important in order
to detect zero-level shifts in
recording channels.

A key element in the instru-
mentation systewu was the force
transducers. These were the
linear motion differential trans-
formers, electromechanically pro-
portional to the dispiacement of
a movable core. The output of
the transducer had infinite reso-
lution over its specified range
as displacement of the movable
core on either side of a null
point produced an increasing
voltage directly proportional to
the distance moved.

Calibracion of the ingtrumen-
tation system was performed each
day prior to the start of the
first experiment session. This
consisted of attaching accurate
weights to a holder which was
attached to the force receiver
handle. Weights were added in
S-pound increments to 20 pounds,
and then 10~pound increments Lo
80 pounds. The calibration was
performed for all three axes.
During the calibration, the exci-
tation voltage of each transducer
was adjusted so that, after am-
plification, the output at full
scale dcflection was 1.0 volts
and was linear over the full
range.

IvV.6,10

DATA REDUCTION

The data collection and re-
cording system was described in
the previous section. The impor-
tant output of this system is
the analog tape which contains
all force data as well as iden-
tifiers of particular session
conditions. These tapes formed
the input to the data reduction
system, as illustrated in Figure
3.

In the analog-digital conver-
sion process, the following
channels were digitized:

a. Axial force data

b. Horizontal/vertical¥*
force data

c. Vertical/horizontal=x
force data

d. Trial number, units

e. Trial aumber, tens

f. Go signal

g. Force direction

h. Force receiver orientation

i. Abort signal

Digitizing was performed by
command of the 7-second (for
sustained forces) and 4-second
(for impulsive forces) digiti-
zing pulse on Channel 12, A
sampling rate of 400 samples per
second was used; however, since
the analog tapes were played at

a speed 4 times greater than the

*Depends on force receiver
handle orientation.
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record speed, the effective sam-
pling rate was 100 samples per
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- F1IG. 3 - DATA REDUCTION BLOCK

DIAGRAM

second. Low-pass filters were
applied to all channels, except
Channel 10, to eliminate as much
noise as possible from the anzlog
tapes. The filters had a cutoff
frejuency of 100 cycles per sec-
ond, but the effective cutoif was
at 25 cycles per second due to

the 4-to-1 ratio of playback speed
to record speed. Neither the sam-
pling rate nor the filter cutoff
frequency created any problem
with respect to loss of data.

The digitized tapes then formed
the input to the first of two com-
puter programs, known as the Daily
Output Program. The objective of
this program was to provide a
printout of the force data re-
corded for every trial in the
experiment. The program consisted

of the following sequential oper-
ations:

a. The digitized data was
numerically converted into
forces in pounds.

b. "Header cards'", containing
identification data not
included on the tapes,
(day, session, subject,
pressurization methed,
receiver angle, and
receiver distance), were
read iato the computer
and combined with the pro-
per data;

c. Data output was in blocks
of 12 trials, with a com-
plete set of identifiers.

Possible error messages were
also printed out where applica-
ble, and an editing feature was
available for use where necessary
to correct for errors. The iden-
tifiers and appropriate defini-
tions used in the program are
presented below:

For sustained forces:

a. In the correct (commanded)
force direction:

1. MAX is the largest force
during the entire
4-second period the GO
light is on.

2. MIN is the smallest
force encountered during
the last 3 seconds of
the GO-signal unless the
force changes sign

IvV.6,11
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b. I

3.

1.

(i.e., goes from positive
to negative or vice-
versa), in which case the
minimum force is defined
as zero.

FIN is the force at GO-
signal cutoff.

the error axes:

X is the largest force
in either direction of an
axis during tke middle

3 seconds of GO-light.

MIN is the smallest force
in either directioun of an
axis during the middle 3
seconds of GO-light.

For impulsive forces:

a. In the correct (commanded)
force direction:

IvV.6.12

1.

MAX is the largest force
that occurs for the 1
secend that the GO-light
is on and 1 second after-
wards; i.e., for a 2-
second period.

MIN is the smallest force
which occurs during this
period.

FIN is the force at GO-
signal cutoff.

the error axes:

MAX is the largest force
in either direction of an
axis while the GO-light
is. on.

2. MIN is the smallest
force in either direc-
tion of an axis while
the GO-light is on.

After all the data from the
experiment had been processed by
this program, a composite output
tape was prepared. This tape
consisted of all the information
necessary to identify the condi-
tions for all experimental trials
and all the data associated with
these trials. This tape then
formed the input to the second
computer program, the Averaging
Program. This program provided
the capability to average various
combinations of experimental con-
ditions. In particular, che
following conditions may be aver-
aged either separately or in any
combination:

a. Subject

b. Pressurization method
c. Receiver angle

d. Receiver distance

e. Receiver orientation
f. Restraint

A sample of the printout from

the Averaging Program is shown

in Figure 4. The asterisks (%)
next tn Subject and Pressuriza-
tion Method indicate that these
were the common factors for which
all data points were considered;
i.e., the data listed is an aver-
age of all the points which exist
for all four subjects utilizing
both the water and air suit
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presrurization methods. Thke num-
bers in parentheses Lo the right
of the data indicate the number of
trials contained in the average
for the particu.ar combination of
force type and force direction

and of the other specified condi-
tions.

The meaning of "Range" in this
data is best illustrated by exam-
ple. 1In the first column of data
in the lower table on Figure 4,
it can be seen that a Sustained-
Push for:e occurred si» times
under the conditions listed. For
each of these trials, the Daily
Output Progrsm noted the minimum
force which o:curred, as pre-
viously derined. The Range shows
that the minimum force four this
condition ranged from 20.22 to
56.09 pounds. with a mean of
39.64 pounds. The interpretation
of the remaining columns is simi-
lar.

Although the composite tape
contains error forces, only the
command direction firces are pre-
sented here. Furthermore, only
the maximum forces in the impulse
mode are nresented. A graphic
presentation of the mean and
ranges of all experimental data
is given in Appendix A.

RESULTS

The primary results of this
experimental program are the
means and ranges of the forces
exerted under specific combina-
tions of the experimental condi-
tions. These means and ranges
were derived from the Averaging
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FIG. 4 - AVERAGING PROGRAM
SAMPLZ PRINTOUT

Program described in the previous
seztion and are provided in a
tabular listing in the final
technical report provided under
Contract NAS8-18117. This
listing, consisting of approxi-
mately 100 pages of tabulated
information, provides all the
design data collected in this
study. However, the tabular
listing is not the most effi-
cient mode of data presentation
for use by designers. The value
of the data collected can only
be realized by presentation in
as efficient and utilitarian
manner as possible. The re-
sulting graphical presentation
summarized the total data into
12 charts with 6 graphs on a
page. These are presented in
Figures A-1 through A-12 in
Appendix A.
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In addition to the primary
design data discussed above, sta-
tistical comparisons were made
across parameters of the experi-
mental variables to determine the
existence and direction of signi-
ficant relationships. The data
used for rhe statistical compar-
isons were tne overall mean
forces determined across experi-
mental conditions and are pre-
sented in Table 2.

Nonparametric statistical
analyses were considered appro-
priate for the analysis of these
data because of the inability to
meet the assumptions concerning
the underlying distribution of
the population of variables
required by parametric analysis.
Certain assumptions are also
associated with most nonparametric
statistical tests; i.e., that the
observations are independent and
that the variables under study
have some underlying continuity,
but these assumptions are fewer
and more easily met than those
for parametric tests. Moreover,
most nonparametric tests apply
to data in an ordinal scale, and
some even apply to data in a
nominal scale. The primary ad-
vantage of the nonpara:.ztric tests
is that they can be used when the
sample size is small.

Two nonparametric statistical
analysis methods were selected for
the data analysis. In situatfons
where matched pairs of measures
occur in two groups and the mea-
sures are in an ordinal scale,
Siegel, 1956 recommends the use
of the Wilconon Matched-Pairs
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TABLE 2 SUMMARY DATA -
MEANS ACROSS ALL VARIABLES
(IN POUNDS)

Signed Ranks Test. This method
was utilized to compare the
following parameters: o erall
means across force types (sus-
tain and impulse), mean forces
across pressurization methods
(air and water), and mean forces
across receiver orientations
(horizontal and vertical). 1In
situations where K related sam-
ples of ba:ically nonparametric
measures on at least an ordinal
scale are taken, Siegel recom-
mends the Freed-.n Two-Way Analy-
sis of Variance. T[his method
was utilized to compare the
following parameters: mean
forces across subjects, mean
forces across receiver angles,
mean forces across receiver dis-
tances, and mean forces across
restraints.

Sustained Versus Impulsive Forces

The results of the Wilcoxon
Matched Pairs Signed Ranks Test
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indicate that the sustained mean
forces were significantly differ-
ent from the impulsive mean forces
at the 0.0l level of significance,
Sustained forces were those force
magnitudes that could be main-
tained over a 4-second interval.
Impulsive forces were the peak
magnitudes that could be exerted
in a l-second interval.

In general, it can be seen
that Push/Pull impulsive force
emission capability is approxi-
mately 2% times as great as sus-
tained Push/Pull force capabil-
ity. Secondly, impulsive force
capabilit, in the Up/Down,
Right/Left directions is approxi-
mately twice as great as sus-
tained force capability in the
corresponding directioms.
Finally, Push/Pull impulsive
force emission capability appears
to be about twice as zreat as the
Up/Down, Right/Left force capa-
bility.

Air Versus Water Pressurization

The results of the Wilcoxon
Matched Pairs Signed Ranks Test
indicate that the sustained mean
forces for air and water pres-
surization modes did not differ
significantly. The data indicate
that the impulsive mean forces
for air and water pressurization
modes also did not differ signi-
ficantly.

The general conclusions re-
garding Push/Pull and impulsive
over sustained force advantages
presented above also apply here.

Horizontal Versus Vertical Handle
Orientation

The results of the Wilcoxon
Matched Pairs Signed Ranks Test
indicate that the sustained mean
force for horizontal ond verti-
cal handle orientations did not
differ significantly.

In general, it appears that
handle orientation has little
effect on force emission capa-
bility in the Push/Pull and Left
directions. Also, it appears
that a vertical handle orienta-
tion increases the capability to
exert Right direction forces.

Mean Forces Across Subjects

The results of the Friedman
Two-Way Analysis of Variance
Test indicate that the sustained
mean force emission capability
across subjects differed signi-
ficantly at the 0.05 level. The
data indicate that the impulsive
mean force emission capability
across subjects also differed
significantly, but at the 0.01
level. Subjiects 1 and 3 corres-
ponded to the 90th percentile
grouping and Subjects 2 and &
corresponded to the 50th per-
centile groupings on the basis
of stature.

In general, however, the
force emission capability of
the subjects did not follow
these percentile groupings.
Subjects 2 and 3 generally
exerted the greatest mean forces,
which indicate a differr itial
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force capability within subjects
for sustained and impulsive
forces. Subject 3 exerted the
greatest impulsive forces, but
Subject 2 generally exerted the
greatest sustained forces.

Mean Forces Across Receiver
Angles

The results of the Friedman
Two-Way Analysis of Variance Test
indicate that the sustained mean
force emission capability across
receiver angles did not differ
significantly. The data indicate
that the impulsive mean force
emission capability across re-
ceiver angles also did not differ
significantly.

It appears, however, for both
sustained and impulsive forces,
that the capability to exert both
sustained and impulsive Push/Pull
forces increases as the location
of the force receiver is moved
away from directly in front of the
sub:ect. However, this tendency
appears to reverse for the other
directions. That is, the Up/Down
and Right/Left sustained and im-
pulsive force emission capability
tends to decrease as the force
receiver is moved laterally from
in front of the subject.

Mean Forces Across Receiver
Distances

The three receiver distances
were Near (15 inches), Medium
(19 inches) and Far (24 inches)
and roughly corresponded to the
elbow angles of 90 degrees, 135
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degrees, and 180 degreers respec-
tively. The results of the
Friedman Two-Way Analysis of
Variance Test indicate that the
sustained mean force emission
capability across receiver dis-
tances did not differ signifi-
cantly. The data also indicate
that the impulsive mean force
emission capability across
receiver distances did not differ
significantly.

It appears from the data that
as the distance between the sub-
ject and the forc.' receiver in-
creases, the ability to exert
Push forces decreases. Con-
versely, as the distance between
the subject and the force
receiver increases, the ability
to exert Pull forces increases.
Additionally, there appears to
be a lesser tendency for the
Up/Down and Right/Left force
emission capability to increase
as the distance between the sub-
ject and force receiver decreases.

Mean Forces Across Restraints

The eight restraint conditions
were none (no restraint); hand-
hold; rigid waist; Gemini dutch
shoes; the combinations of hand-
hold and waist; handhold and
shoes; waist and shoes; and hand-
hold, waist, and shoes. The
first four, excluding the no-
restraint case, were single-point
restraints. The last four were
considered as multiple point
restraints. The results of the
Friedman Two-Way Analysis of
Variance Test indicate that the
sustained mean force emission
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capability ccross restraints dif-
fered significantly at the 0.001
level. The data indicate that
the impulsiv: mean force emission
capability ucross restraints also
differs significantly at 0.001
level.

In addition to the statistical
analysis, the data also appears
to indicate the following design
implications. It appears that a
force cannot be sustained in a
no restraint condition. Sec-
ondly, the single-point restraints
have differential value for dif-
ference force directions. For
sustained forces, the waist
restraint is best for Push/Pull,
the Gemini Dutch shoes are best
for Up/Down, and the handhold is
best for Left directions. 1In
addition, all single-point
restraints are about equal in
their inability to provide an
assist for Right direction forces.

The handhold, waist, and shoes
restraint combination resulted in
the greatest Push/Pull forces with
the waist and shoes combination
very close behind. The handhold
and shoes restraint combinations
resulted in the largest mean sus-
tained for the Up/Down and
Right/Left directions. Finally,
the data would indicate that
Right direction sustained forces
should be avoided whenever possi-
ble.

For impulsive force emissions,
there is very little difference
between the means for the single-
point restraints, including the
nc-restraint case. Also, all the
multiple restraint conditions are

better than the single-point
restraints. The handhold and
shoes combination permits the
greatest impulsive mean force
emissions in all six directions.
Finally, the handhold and waist
is generally the poorest of the
multiple point restraint condi-
tions for impulsive force emis-
sions.

CONCLUSIONS

The conclusions resulting from
this experimental program are
divided into two general groups.
In the first are those conclu-
sions that can be drawn from the
data analysis and results. The
second group contains those con-
clusions that resulted from the
operational experience of con-
ducting an underwater experi-
mental program of such a large
magnitude as Experiment 84A.

Data Conclusions

The following major conclu-
sions are summarized from tha
findings reported above in the i
analysis and results section.

a. The statistical analyses
were performed on means
derived across experi-
mental conditions and i
should not be used to gen-
eralize to the individual
case. The reader should
go directly to the specific
condition combination pre-
sented in the graphical or
tabular format to obtain
the pertinent design data.
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The handhold and shoes
restraint combination re-~
sulted in the greatest
Up/Down and Left/Right sus-
tained and impulsive force
generating capability.

Tne handhold, waist, and
shoes restraint combination
and the waist and shoes
restraint combination re-
sulted in the greatest
Push/Pull sustained forces.

The waist restraint was the
only single-point restraint
in which a significant
sustained (above 10 pounds)
mean Push/Pull force could
be exerted.

The handhold restraint pro-
vided the capability for
sustaining significant
(above 10 pounds) mean
forces in only the Left/
Right directions.

The shoes restraint pro-
vided the capability for
sustaining significant
(above 10 pounds) mean
forces in only the Up/Down
directions.

The mean capability to exert
impulsive forces in a no-
restraint condition did not
differ greatly (4 to 14
pounds differential range)
from the capability pro-
vided by the single-point
restraints (handhold, waist,
and shoes restraints).

The mean capability to exert
impulsive forces did not

differ greatly (5 to 12
pounds differential range)
across the multiple-
restraint conditions (hand-
hold and waist; handhold
and shoes; waist and shoes;
and handhold, waist, and
shoes).

i. The space suit pressuriza-
tion mode did not differ-
entially affect the ability
of subjects to exert forces.

Operatiounal Conclusions

The following operational con-
clusions were drawn from the con-
siderable number of experiences
ard observations noted during
the conduct of this experimental
program:

a. Planning of extensive
underwater pressure-suited
operations should include
a 100 percent contingency
time factor.

b. Extreme care should be
exercised to insure the
cleanliness of the neutral
buoyancy facility, espec-

q ially to minimize the fre-
quency of ear infections.

c. Neutrally buoying space-
suited subjects for an
upright, nontranslational
operation is a relatively
simple and easy task.

d. The water pressurization
mode was more efficient,
from a subject preparation
and experimental session
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changeover time-saving
standpoint, than the air
pressurization mode.

Future water pressurized
suit operations should
include a face mask that
can accommodate a communi-
cation system.

The possible hazard re-
sulting from the physical
reaction of a pressure-
suited subject exerting
forces under minimal
restraint conditions sbould
be carefully considered
when selecting restraints
for space operations.
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In this Appendix are presented the summarized data on astronaut force emis-
sion capabilities under simulated zero-gravity conditions.
on twelve pages with 6 graphs on each page.

through A-12.

APPENDIX A

EXPERIMENT 84A - FOKCE EMISSION
GRAPHICAL DATA PRESENTATION

Descriptive data is provided on each page to permit the reader to

The data are provided

These are presented in Figures A-l

select the appropriate experimental conditione to answer specific force capa-

bility design questions.

the experimental condition combinations included on each page.

Table A-1 is a Summary Data Chart Index that specifies

S e . ‘- PRV

Table A-1. Summary Data Chart Index
Force Receiver Receiver
Type Angle Orientation
Figure Title (F/T) (R/A) (R/0)
{degrees)
A-1 Summary Data Chart No. 1 Sustainad 0 ‘ Horizontal
Ar2 Summary Data Chart No, 2 | Sustained 0 Vertical
A -3 | Summary Data Chart No. 3 Sustained -15 Horizontal
A—4 Summary Data Chart No. 4 Sustained . ~15 Vertical
A~5 Summery Data Chart No. 5 Sustained 45 Horizontal
A~6 Summary Data Chart No. 6 Sustained 45 Vertical
A~T7 Summmary Dz‘a Chart No. 7 lmpulse 0 Horizontal
A-8 Summary Data Chart No., 8 Impulse 0 Vertical
A-9 Summary Data Chart No. 9 Impulse -15 Horizontal
A-10 | Summary Data Chart No. 10| Impulse -15 Vertical
A-—11 | Summary Data Chart No. 11 | Impulse 45 Horizontal
A=12 | Summary Data Chart No, 12| Impulse 45 Vertical
A-1
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